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preface 


The  second  Maurice  Ewing  Symposium  was 
devoted  to  the  implications  of  deep  drilling 
results  in  the  Atlantic  Ocean.  This  subject 
was  chosen  for  two  reasons.  First,  Maurice 
Ewing  was  one  of  the  leaders  of  JOIDES  (Joint 
Oceanographic  Institutions  For  Deep  Earth 
Sampling),  the  association  of  oceanographic 
institutions  that  was  formed  to  organize  and 
sponsor  drilling  in  the  deep  ocean,  and  which 
has  continued  to  provide  scientific  advice  to 
the  Deep  Sea  Drilling  Project.  Second,  the 
first  phase  of  International  Program  of  Ocean 
Drilling  in  the  Atlantic  was  finished  and  it 
seemed  a  good  time  to  assess  the  implications 
of  drilling  results  in  the  Atlantic  that  had 
been  obtained  over  almost  a  decade. 

During  the  time  this  volume  was  being 
prepared,  discussions  were  taking  place  about 
a  new  initiative  in  oceanic  drilling,  in  which 
a  drilling  vessel  with  much  enhanced  capability 
might  be  used.  The  results  presented  in  this 
volume  thus  represent  the  base  on  which  new 
drilling  plans  can  be  built. 

The  Maurice  Ewing  series  is  based  on  papers 
presented  at  the  Maurice  Ewing  symposia.  Two 
volumes  resulted  from  the  second  symposium, 
which  was  held  at  Arden  House,  Harriman,  New 
York  on  March  19-25,  1978.  The  symposium  was 
co-sponsored  by  the  Lamont-Doherty  Geological 
Observatory,  by  JOIDES,  and  by  the  Inter-Union 
Commission  in  Geodynamics.  Financial  support 
for  the  symposium  was  provided  by  the  G.  Unger 
Vetlesen  Foundation,  the  U.  S.  Office  of  Naval 
Research,  and  the  IJ.  S.  National  Science 
Foundation. 


Manik  Talwani 
William  Hay 
William  B.  F.  Ryan 
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Abstract.  Deep  Sea  Drilling  Project  sites  in 
the  North  American  Basin  penetrated  Mesozoic  and 
Cenozoic  sedimentary  sequences  of  similar  lithol¬ 
ogy,  age,  faunal  assemblages  and  petrographic 
composition,  permitting  the  definition  of  six 
formations.  These  are  in  ascending  order:  the 
Cat  Gap  Formation  {Oxfordian-Tithonian  grey-green 
limestone,  reddish-brown  argillaceous  limestone, 
and  calcareous  claystone);  the  Blake-Bahama  Forma¬ 
tion  (Titho-  ian-Barremian  light  grey  limestone  and 
chalk);  the  Hatteras  Formation  (Barremian-Ceno- 
manian  black  and  green-grey  shale  and  c.laystone); 
the  Plantagenet  Formation  (Late  Ce-~manian  to 
?Early  Eocene  varicolored  zeolitic  zlay);  the 
Bermuda  Rise  Formation  (Paleocene  to  Middle  Eocene 
chert  and  siliceous  ooze);  and  the  Blake  Ridge 
Formation  (Eocene  to  Holocene  heraipelagic  grey- 
green  mud  with  local  mass-flow  deposits).  In 
addition,  the  Crescent  Peaks  Member  (Maastricht ian 
nannofossil  marl)  of  the  Plantagenet  Formation  and 
the  Great  Abaco  Member  (Miocene  mass-flow  deposit:  1 
of  the  Blake  Ridge  Formation  are  defined.  The  Cat 
Gap,  Blake-Bahama,  and  Bermuda  Rise  Formations  arid 
the  Crescent  Peaks  and  Great  Abaco-  Members  are 
seismically  trappable;  with  the  formation  boun¬ 
daries  approximately  corresponding  to  major  seismic 
reflectors  (C-,  8,  A  ,  A*,  M,  respectively)  in  the 
western  North  Atlantic. 

The  oldest'  sedimentary  rocks,  -recovered  by  DSDP 


in  the  North  American  Basin  are  red  or  grey- green 
argillaceous  limestones  at  Sites  99,  100  and  105, 
which  are  not  older  than  Oxfordian.  These  sedi¬ 
ments  were  deposited  in  a  deep  bathyal  environ¬ 
ment,  near  but  above  the  calcite  compensation 
depth  (CCD).  Pelagic  carbonate  deposition  above 
the  CCD  continued  into  the  Barremian,  producing 
light-grey  limestones.  The  CCD  shallowed  abruptly 
in  the  Barremian,  and  this  was  accompanied  by 
stagnation  of  bottom  and  intermediate  water  that 
developed  euxinic  conditions  which  extended 
throjgh  the  Cenomanian.  Bottom  circulation  was 
re-established  in  the  Late  Cretaceous,  but  shallow 
CCD  and  lack  of  terrigenous  input  to  the  deep 
basin  resulted  in  deposition  of  pelagic  multi¬ 
colored  clays.  Haastrichtian  limestone  beds 
within  otherwise  carbonate-poor  variegated  clays 
indicate  temporary  deepening  of  the  CCD  in  the 
North  American  Basin  in  the, Late  Cretaceous. 

Pelagic  and  hemipelagic  clays  were  deposited  in 
much  of  the  deep  basin  during  the  Paleocene* 
followed  by  accumulation  of  dominantly  biogenic 
siliceous  deposits  in  the  deep  basin  in  latest 
Paleoczne  through  Middle  Eocene  time.  Mixed 
siliceous  and  calcareous  sediments  accumulated  on 
the  shallower  mid-oceanic  ridge.  Silica  dia- 
genesis  formed  porcelauitic  cherts  in  the  upper 
Lower  to  lower  Middle  Eocene  sediments,  and  these 
correlate  with  the  widespread  seismic  reflector 
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Horizon  Ac.  The  Upper  Eocene  and  Oligocene  are 
represented  bv  clays  with  varying  amounts  of 
biogenic  silica  and  carbonate,  together  with 
locally  important  mass-flow  deposits.  Towards 
the  continental  margin,  sediments  of  this  age  are 
missing  because  a  major  nrs-Miocene  un  anformity 
overlies  Lower  Cretaceous  to  Eocene  sediments 
beneath  the  continental  rise.  Except  for  cal¬ 
careous  ridge-flank  sediments,  deposition  of 
iiemipelagic  grey— green  mud  was  predominant  in  the 
North  American  Basin  throughout  the  Neogene  and 
continues  to  the  present.  The  thickest  deposits 
are  Miocene  and  form  the  continental  rise.  Mass- 
flows  from  the  continental  shelf  and  slope  de¬ 
posited  a  massive  blanket  of  Miocene  carbonate 
breccia  (the  Great  Abaco  Member.'  in  the  Blake- 
Bahama  Basin,  and  form  flat-lying  wedges  of 
dominantly  Pleistocene  terrigeneous  sand,  silt, 
and  clay  in  the  present  abyssal  plains. 

Introduction 

The  first  step  toward  a  lithologic  synthesis  of 
the  western  North  Atlantic  Basin  was  undertaken  by 
Lancelot  et  al.  (1972)  based  primarily  on  Leg  11 
sites.  More  rigorous  application  of  the  prin¬ 
ciples  of  continental  rock  stratigraphy  to  oceanic 
sediments  was  demonstrated  by  Cook  (1975)  in  a 
study  of  the  stratigraphy  of  the  eastern  Equa¬ 
torial  Pacific. 

In  the  picsent  paper,  widespread  Mesozoic  and 
Cenozoic  lithostratigraphic  units  ified  in 

the  North  American  Basin  during  De  drilling 

Project  (DSDP)  Legs  1,  2,  4,  11,  4a,  44  are 

correlated  on  the  basis  of  sediment  c  iracteris- 
tics,  contacts,  regional  aspects,  physical  proper¬ 
ties,  faunal  content,  and  acoustic  characters. 

The  data  synthesized  here  (shipboard  descriptions 
of  cores,  smear  slides,  and  thin  sections;  grain 
size;  carbon-carbonate  analyses;  and  X-ray  miner¬ 
alogy)  are  from  site  reports  and  appropriate 
chapters  of  the  Initial  Reports  of  the  Deep  Sea 
Drilling  rroject  (Ewing,  Korzel  et  cl. ,  1969; 
Peterson,  Edgar  et  al. ,  1970;  Bader-;  Gerard  et 
al. ,  1970;  Hollister,  Ewing  et  al. ,  1972; 

Tucholke,  Vogt  et  al. ,  1979;  and  Benson, 

Sheridan  at  al. ,  1978).  Data  from  other,  spec¬ 
ialized  studies  are  cited  in  the  text.  Critical 
intervals  of  cores  were  re-examined  at  the  East 
Coast  Core  Repository  and  studied  in  thin  sections 
and  smear  slides.  Scanning  electron  microscopy 
was  used  to  study  composition,  diagenetic  alter¬ 
ation,  and  porosity.  Comparisons  with  marginal 
basins  are  based  on  a  study  of  the  subsurface 
Mesozoic  of  the  Scotian  Shelf  and  Grand  Banks  by 
Jansa  and  W-.de  (1975a, b),  on  studies  of  the  U.S. 
Atlantic  coastal  plain  and  of  the  COST  B-2  well 
located  off  the  New  Jersey  coast  (Schlee  et  at., 
1976;  Smith  ei  al. ,  1976),  apd -on  brief  recon¬ 
naissance  studies  of  exposed- Mesozoic  sections  in 
Morocco,  southern  Spain,  southern  France,  and 
northern  Italy  by  Jansa.  A  complementary  study 
synthesizes  lithofacies  recovered  oh  DSDP  Leg  41 
in  the  eastern  North  Atlantic  (Jansa. e£  al. , 
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1978).  The  reader  also  is  referred  to  a  com¬ 
plementary  studv  by  Tucholke  and  Mountain  (this 
volume)  that  synthesizes  the  dcpositional  historv 
of  the  North  American  Basin  based  on  seismic 
stratigraphy  and  its  correlation  with  DSDP 
borehole  results. 

In  studying  the  western  Atlantic  lithofacies  it 
is  evident  that  some  biostratigraphic  data  pre¬ 
sented  in  the  Initial  Reports  are  not  precise,  as 
indicated  by  differing  results  of  various  rnicro- 
paleon to logical  disciplines.  There  is  a  clear 
need  for  detailed  compilation  of  the  Mesozoic- 
Cenozoic  biostratigraphy  of  the  North  Atlantic, 
but  in  this  report  we  have  limited  ourselves  to 
minor  revision  cf  the  existing  biostratigraphic 
data. 

A  subcommittee  of  the  American  Commission  on 
Stratigraphic  Nomenclature  (Wilson,  1971)  recom¬ 
mended  that  formal  submarine  rock-stratigraphic 
units  be  named  for  oceanic  topographic  features 
which  appear  on  published  charts.  They  also 
proposed  that  tl"  term  ’Oceanic*  be  used  in  the 
formal  names  of  submarine  formations.  Although 
the  latter  procedure  was  followed  by  Cook  (1975) 
in  his  pioneering  definition  of  Pacific  Basin 
formations,  we  omit  the  term  ’Oceanic’  for  the 
following  reasons.  Some  deep-sea  lithic  units 
extend  from  the  ocean  basin  onto  the  continental 
margin  and  outcrop  on  land.  Many  formations 
outcropping  on  land,  although  not  contiguous  with 
deep  basin  lithofacies,  obviously  were  deposited 
in  an  oceanic  environment  and  have  strong  simi¬ 
larities  to  known  deep-basin  lithofacies  (Ber¬ 
noulli,  1972;  Jansa  et  al. ,  1978).  Another  pos¬ 
sible  source  of  confusion  is  the  prior  use  of 
’Ocear.ic  Formation’  for  outcropping  Tertiary  rocks 
on  Barbados  (Jukas-Brown  and  Harrison,  1891). 
Comparable  rocks  have  been  penetrated  during 
drilling  in  the  western  central  Atlantic  (Bader, 
Gerard  et  al. ,  1970) .  We  therefore  consider  use 
of  a  double  terminology  (land-based  and  ocean- 
based)  confusing  and  inappropriate. 

Structural  Setting 

The  North  American  Basin  (Fig.  1)  is  a  large 
bathymetric  depression  centered  on  the  Bermuda 
Rise.  The  Sohm  Abyssal  Plain  and  the  Hatteras 
Abyssal  Plain  lie  north  and  west  of  the  Bermuda 
Rise  respectively  and  the  Nares  Abyssal  Plain  to 
the  south,  with  the  Blake-Baliama  Abyssal  Plain 
adjacent  to  the  basin  margin  on  the  southwest. 

The  axis  of  maximum  depth  runs  northeastward  about 
halfway  between  Bermuda  and  the  Mid-Atlantic 
Ridge.  The  North  American  Basin  is  confined  on 
the  north  by  the  Newfoundland  Ridge  and  contin¬ 
ental  margin,  on  the  south  by  the  Antilles  and 
Barracuda  Fracture  Zone;  on  the  east  by  the  Mid- 
Atlantic  Ridge,  and  on  the  west  by  the  North 
American  continental  margin,.  Water  depths  in  the 
central  basin,  with  the  exception  of  the  Bermuda 
Rise  region,  generally  exceed  5000  m. 

The  North  American  Basin,  excluding  the  Mid- 
Atlantic  Ridge  and  Puerto  Rico  Trench,  is  a 


Figure  1.  Location  map  with  physiographic  features  of  the  North  American  Basin 
and  location  of  Deep  Sea  Drilling  Project  drill  sites  (Legs  1,  2,  4, 
11,  43,  and  44).  Bathymetry  after  Uchupi  (1971). 


tectonically  stable  region  dominated  by  subsidence 
of  oceanic  basement.  Local  formation  of  volcanic 
peaks  such  as  Bermuda  and  the  New  England  Sea¬ 
mounts,  and  regional  uplift  of  the  Bermuda  Rise 
occurred  during  or  prior  to  the  Early  Cenozoic. 
Oceanic  crust  flooring  the  basin  has  formed  since 
the  initial  rifting  of  North  America  from  Africa 
about  180  m.y.  B.P.  (Pitman  et  al. ,  1971;  Vogt 
and  Einvich,  1978).  Magnetic  polarity  sequences 
recorded  in  the  crust  include  the  Jurassic  quiet 
zone  and  Blake  Spur  Anomaly,  the  Keathley  Sequence 
(M-series),- the  Cretaceous  quiet  zone  (Mercanton 
interval),  and  anomalies  1  to  34  along  the  Mid- 
Atlantic  Ridge  (Pitman  and  Taiwan!,  1972;  Schouten- 
and  Klitgord,  1977). 

The  oldest  sediments  recovered  by  deep-sea 
drilling  are  Oxfordian  at  Sites  99,  100,  and  105 


(Hollister,  Ewing  et  al. ,  1972).  Site  100  near 
Cat  lap  was  drilled  about  25  km  west  of  anomaly  M- 
25,  which  is  the  oldest  anomaly  in  the  Keathley 
sequence,  and  Site  105  was  drilled  just  east  of  M- 
25  (Larson  and  Hilde,  1975).  Sedimentary 
sequences  of  these  two  sites  are  underlain  by 
basalts.  Seismic  reflection  profiles  show  that 
the  basalts  correspond  to  the  top  of  Layer  2, 
which  can  be  traced  to  other  DSDP  sites  throughout 
the  basin.  Basal  sediments  at  some  drill  sites 
exhibit  contact  metamorphism,  and  petrographic 
evidence  indicates  tnat  some  Layer  2  basalts  are 
sills,  but  it  appears  that  structural  basement  in 
this  basin  is  dominantly  basalt  with  only  minor 
quantities  of  interlayered  sediment  (Aumento, 
Melson,  et  al. ,  1974;  Bryan,  Robinson  et  al. ; 
1977). 
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Methods 


The  parameters  most  useful  for  recognizing  and 
correlating  the  lithologic  sequences  are  color, 
inorganic  and  organic  constituents  (especially 
calcium  carbonate,  silica,  and  clay  mineral  con¬ 
tent),  bedding,  sedimentary  structures,  and  bio- 
turbation.  The  upper  and  lower  contacts  of 
defined  lithologic  units  have  been  identified  in 
all  studied  sites.  If  formation  contacts  were 
not  cored  at  the  proposed  type  section,  other 
sites  of  the  same  unit  are  used  to  define  the 
contact  (boundary  stratorype).  After  lithologic 
units  are  lefined  at  individual  sites,  correlation 
and  napping  of  units  is  attempted  between  s.tes. 
This  requires  enough  borehole  control  and  seismic 
reflection  data  to  establish  the  continuity  of 
units.  Since  drill  sites  are  widely  separated, 
the  seismic  reflection  information  is  especially 
important  in  mapping  the  extent  of  reflecting 
horizons.  Although  seismic  sequences  do  not  al¬ 
ways  correspond  to  lithostratigraphic  units 
throughout  the  basin,  certain  consistent  cor¬ 
relations  between  lithologic  changes  and  major 
reflectors  justify  use  of  seismic  data  as  a 
mapping  tool. 

The  bulk  of  the  Mesozoic  and  Cenozoic  sediments 
cored  in  the  North  American  Basin  are  subdivided 
into  six  formations  for  which  formal  stratigraphic 
names  are  herein  proposed.  Data  concerning  loca¬ 
tion,  thickness,  depth  of  boundaries  and  core 
recovery  of  the  stratotypes  are  summarized  in 
Tables  1  and  2.  Some  of  these  units  have  been 
recognized  by  Lancelot  ei  al.  (1972)  as  distinct 
litbofacies.  The  lithology,  age  and  depositional 
environments  of  the  formations  are  summarized  in 
Figure  2.  Detailed  data  concerning  lithology  of 
individual  cores,  age,  formation  boundaries,  cor¬ 
relation  of  the  lithologic  units  between  sites  and 
position  of  seismic  horizons  are  summarized  in 


Figure  24.  The  regional  distribution  of  the 
formations  is  showrni  on  maps  (Figures  3,  8,  10,  12, 
15,  18  and  20)  and  in  a  schematic  cross-section 
(Figure  22).  Sedimentologic  parameters  for  each 
formation  are  presented  in  Tables  4,  6,  8,  l"1,  12, 
14,  17,  and  19. 

The  biost rarigraphic  framework  resulting  from 
detailed  analysis  of  several  microfossil  groups 
provides  valuable  auxilliarv  information  in 
lithostratigraphic  studies  of  deep  sea  sediments. 

In  the  North  American  Basin,  nannofossils  and 
foraminifers  contribute  to  age  determinations  for 
much  of  the  Jurassic  through  Quaternary;  radie- 
larians  are  especially  helpful  in  the  Tertiary, 
dinof lagellates  are  important  in  the  mid-Cretaceous, 
and  crinoids,  caipionellids  and  ammonites  are 
useful  for  the  Upper  Jurassic. 

A  compilation  of  multiple  biostratigraphy  based 
on  published  literature  was  made  in  the  North 
American  Basin  where  lithosttatigraphic  type 
sections  are  defined  (Figures  7,  9,  13,  14,  19, 
and  21).  The  consensus  of  ages  is  broad  compared 
to  detailed  bio-  and  chronostratigraphy  in  some 
Cretaceous  and  Cenozoic  land  sections.  A  major 
limitation  in  oceanic  sediments  is  the  relative 
paucity  of  the  calcareous  fossils  that  result  from 
dissolution  of  calcareous  tests  with  increasing 
water  depth. 

Detailed  age  interpretation  for  Jurassic  and 
Lower  Cretaceous  sediments  is  hampered  by  lack  of 
agreement  between  individual  interpretations  and 
this  is  the  main  reason  that  resolution  is  not  to 
the  stage  level. 

Two  factors  cause  some  confusion.  Tnese  are  the 
equation  of  Lower  Tithonian  and  Upper  Limneridgian 
which  results  from  improved  correlation  of  Boreal 
and  Tethyan  ammonite  assemblages  (e.g,  van  Hinte, 
1976).  This  necessitates  revision  of  previous 
Kimmeridgian/Tithonian  boundary  interpretations, 
such  as  those  in  DSDP  Leg  11  sites,  but  the  new 
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Figure  2.  Schematic  characteristics  of  sedimentary  formations  in  the  North 

American  Basin,  defined  in  the  present  paper.  For  lithologic  symbols 
explanation  see  Figure  24. 


information  should  be  evaluated  in  the  contex  of 
wobk  based  on  other  fossil  groups.  Second,  dis¬ 
crepancies  occur  between  the  age  interpretations 
given  in  the  DSDP  site  reports  (basically  the 
result  of  shipboard  studies)  and  the  later  bio- 
stratigraphic  stut  ces  of  the  Initial  Reports  or 
other  publications.  Where  discrepancies  occur  we 
have  favored  interpretations  in  the  special 
paleontologic  studias. 

Cores  from  all  drill,  sites  in  the  North  American 
Basin y  including  type  sections,  are  stored  at  the 
DSDP  East  Coast  Core  Repository,  Lamonf-Doherty 
Geological  Observatory,  Palisades,  New  York..  The 
-.convention  used  -here  in- discussing  DSDP  cores  is. 
to  -list  core: section ^  depth  within  the  core  i(e . g. 
core  40:1,  120  cm).  Sub-seafloor  depths  are  in 
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metres.  Occasional  discrepancies  may  occur 
between  our  report  of  core  numbers  and  depths  and 
those  listed  in  the  Initial  Reports.  This  results 
from  errors  in  the  Initial  reports,  and  shifting 
of  cores  in  liners  after  shipboard  visual  descrip¬ 
tions  and  prior  to  or  after  core  photography.  In 
each  case,  we  have  consulted  original  data  pro¬ 
vided  by  the  Deep  Sea  Drilling  Project  to  obtain 
accurate  information. 


Definition  of  Formations 

MesozoicE-Cenozoic  formations  of  the  North  Amer¬ 
ican  Basin,  are  described  below  in  ascending  strati¬ 
graphic  order. 


Cat  Gap  Formation 

Reddish-brown,  brick  red,  light  green,  and 
greenish-grey  clayey  limestones  interbedded  with 
reddish  calcareous  claystone  characterize  the  Cat 
Gap  Formation.  The  type  section  is  Site  105  on 
the  lower  continental  rise  southeast  of  New  York 
(Figures  1  and  3,  Tables  1  to  3).  The  formation 
also  has  been  sampled  at  Sites  99A,  100,  and  391C. 
The  name  is  derived  from  the  Cat  Gap  Channel  near 
Sites  99A  and  100,  where  the  formation  was  first 
penetrated. 

Type  Locality.  The  type  section,  Site  105,  is 
62.4  m  of  clayey  limestone  and  calcareous  silty 
claystone  in  which  the  carbonate  content  decreases 
downward  from  54%  (559.8-570  m  sub-bottom)  through 
29%  (570-600  m)  to  20%  or  less  (600-622.2  m).  The 
clayey  limestone  is  a  mixture  of  neomorphic  micrite 
and  clay  minerals  (mica,  montmorillonite,  and 
kaolinite  or  chlorite  traces).  Quartz,  zeolites, 
pyrite,  and  heavy  minerals  occur  in  trace  quanti- 


thickness  (metres)  in  parentheses. 
Seismic  Horizon  C  correlates  approxi¬ 
mately  with ‘the  top  of  the  Cat  Gap 
Formation;  boundaries  indicate  mapped 
pinch-out  on  basement  and  easternmost 
occurrence  of  Horizon  C  .in  basement 
pockets;  The  eastern  formation  bound¬ 
ary  lies  between  magnetic  anomalies 
M-25  and  M-22. 


ties  in  the  limestones  and  as  minor  components  in 
some  of  the  more  clayey  beds  (Table  4).  The 
organic  carbon  content  averages  only  0.11%. 

Average  porosity  of  sediments  is  38%.  Colors 
include  dark  reddish-brown  (10R4/4),  pale  red 
(10R6/2),  light  green,  and  various  shades  of  grey 
(5G6/2,N7,N4) .  The  red  color  characterizes  the 
more  clayey  beds,  grey  and  greenish  the  more 
carbon3te-rich  beds.  Hematite  is  the  main  source 
of  red  pigmentation  (Lancelot  et  al.  ,  1972).  The 
commonly  patchy  occurrence  of  grey-green  colors  is 
associated  with  burrows  and  bedding  planes  (Fig¬ 
ure  4A)  in  which  the  iron  is  reduced.  Much  of  the 
claystone  and  some  of  the  limestone  is  faintly 
laminated  to  fissile.  Sometimes  the  beds  are 
slightly  undulatory  with  development  of  incipient 
nodular  texture.  The  current  bedding  is  rare. 
Elsewhere,  burrow  mottling  is  pervasive.  Cyclic 
units  containing  intraclasts  (pebbles)  of  pelagic 
red  clay  or  white  limestone,  overlain  by  graded 
sand  and  silt  and  burrowed  red  clay  in  an  upward- 
fining  sequence  (Figure  4A)  were  interpreted  as 
pelagic  turbidites  by  Bernoulli  (1972).  Deforma¬ 
tion  ranges  from  small  scale  folding  and  faulting 
to  major  disturbances  interpreted  as  slump  struc¬ 
tures.  Beds  are  typically  almost  horizontal,  and 
there  is  no  indication  of  unconformities. 

Microfossils  of  the  Cat  Gap  Formation  include 
well  preserved  nannoplankton,  a  sparse  to  rich 
foraminiferal  fauna  (simple  arenaceous  foramin- 
ifera,  lagenids,  epistominids,  and  primitive 
miliolids),  poorly  preserved  radiolaria,  calcis- 
phaerulids  (Cadosina) ,  ostracods,  and  dinoflag- 
ellates.  Macrofossils  include  debris  of  the  pel¬ 
agic  crinoid  Saaooaoma,  echinoderm  fragments, 
pelagic  bivalves  (filaments),  aptychi,  rhynchol- 
ites  (ammonite  beaks),  barnacle  parts  and  fish 
debris  (Luterbacher,  1972). 

The  Cat  Gap  Formation  at  Site  105  can  be  sub¬ 
divided  into  a  filaments  microfacies  (cores  40  to 
37)  and  a  Sao.nocoma  microfacies  (core  36  through 
core  33).  The  filaments  microfacies  (Figure  4B) , 
which  directly  overlies  basalt,  is  a  variably 
argillaceous  biomicrite  to  calcareous  claystone 
containing  nannofossils,  filament-like  pelagic 
bivalves,  foraminifera,  ostracods,  ammonite  aptychi, 
radiolaria  molds,  rare  Saccocoma,  and  fish  frag¬ 
ments.  In  the  upper  part  of  the  micro’facies, 
short  filaments  and  the  calcisphaerulids  ( Cadosina 
fihrata )  are  present.  The  Saaaoeoma,  microfacies 
(Figure  4C)  differs  from  the  underlying  filaments 
microfacies  by  the  occurrence  of  the  pelagic 
crinoid  Soaancoma,  the  rarity  or  absence  of  fila¬ 
ments,  and  somewhat  higher  average  carbonate 
content  (34%  vs.  23%). 

Contacts.  The  Cat  Gap  Formation  at  Site  105 
directly  overlies  basalt  (Table  3,  Figure  24). 

This  type  of  contact  is  typical  only  of  the 
eastern  pinch-out  of  the  formation  against  base¬ 
ment.  Nearer  the  continental  margin,  seismic 
reflection  data  indicate  that  the  Cat  Gap  Forma¬ 
tion  overlies  older  sedimentary  units  not  yet 
drilled  (Figure  22).  Thus  we  cannot  define  a 
lower  boundaiy  stratotype.  The  upper  contact  is 
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transitional  for  about  one  metre  from  reddish- 
brown  clayey  limestone  upward  to  light-grey  chalky 
limestone  with  a  few  pinkish  or  light-red  inter¬ 
vals.  The  contact  is  placed  at  the  uppermost 
occurrence  of  the  dominantly  reddish  coloration 
and  at  a  distinct  change  in  lithology  and  bulk 
density . 

Regional  Aspects.  Similar  reddish-brown  marls 
and  limestones  were  penetrated  in  the  southwestern 
part  of  the  basin  at  Sites  99A,  100  (Hollister, 

Ewing  et  al. ,  1972)  and  391C  (Benson,  Sheridan 
ei  al.,  1978;  Figures  3,  22).  Compositional 
variations  are  summarized  in  Table  4. 

At  Site  99A  reddish  marl  alternates  with 
dominant  white  and  greenish  limestone  and  marl, 
but  core  recovery  was  very  poor.  At  Site  100 
where  the  formation  overlies  basalt,  the  lower 
part  of  the  Cat  Gap  Formation  is  relatively  homo¬ 
genous  greenish-grey  argillaceous  limestone  with 
some  brownish-grey  (5G7/1)  and  pale  red  laminae  in 
the  lower  part  of  the  sequence  (Table  3).  This 
part  of  the  sequence  was  designated  as  a  separate 
unit  by  shipboard  geologists  (Lancelot  el  al.  , 

1972),  on  the  basis  of  color  and  high  carbonate 
content  averaging  66%. 

The  upper  part  of  the  formation  at  Site  100  is 
a  reddish,  laminated,  locally  burrowed,  clayey 
limestone  with  greenish-grey  intervals.  Current- 
produced  bedding,  minor  slump  structures,  and 
small  clasts  of  lithified  white  pelagic  mud  occur 
near  the  top,  together  with  several  beds  of  chert. 
Slumping  may  be  related  to  the  site  location  on 
tiie  deep  flank  of  a  basement  peak,  which  is  evident 
in  a  seismic  profile  across  the  si,''  (Hollister, 
Ewing  et  al.  ,  1972) . 

The  presence  of  rare  pelagic  bivalves  in  the 
lower  greenish-grey  subfacies  suggests  that  it  is 
equivalent  to  the  filaments  microfacies  at  Site  105, 
despite  the  difference  in  color.  Pelagic  bivalves 
in  core  7  resemble  "short"  filaments.  The  tpper 
part  of  the  formation  at  Sice  100  (cores  2-6)  is  a 
poorly  developed  Sacc~aoma  microfacies,  and  the 
microfacies  separation  is  less  distinct  than  at 
Site  105.  Other  fossils  scattered  through  the 
formation  include  echinoid  fragments,  plant  frag¬ 
ments,  ostracods,  ammonite  aptyclii,  nannoplankton, 
silt-sized  foraminifera,  Cloboohaete,  calcisphaer- 
ulids,  and  rare  chalcedony-replaced'  radiolarians. 

A  somewhat  different  development  of  the  Cat  Gap 
Formation  occurs  in  the  Blake  Bahama  Basin  at 
Site  391C,  as  the  Saoeocoma  and  filaments  micro¬ 
facies  were  not  observed.  Here  only  the  uppermost 
86  m  of  the  formation  was  penetrated  before  the 
hole  was  abandoned  (Table  3  .  Seismic  data  indi¬ 
cate  that  more  than  400  m  of  sediments  lie  between 
tne  bottom  of  the  hole  and  basement  (Figures  5, 

22) .  The  upper  45  m  of  the  cored  interval  (cores 
49  through  45)  is  alternating  greenish-grey 
(5G4/1)  or  white  (N8)  limestone,  pale  red  clayey 
limestone  (25YR6/2),  and  dark  reddish-brown 
(5YR3/2)  and  olive-grey  (5Y6/1)  calcareous  clay- 
stone.  These  form  a  broad  transition  zone  between 
underlying  dark  reddish-brown  clayey  limestone 


with  only  a  few  dark  greenish-gre}  layers  (cores 
54  through  50)  and  overlying  light-grey  limestone. 
The  uppermost  occurrence  of  red  clayey  limestone 
at  1326  m  (Table  3)  is  taken  as  the  top  of  the 
formation.  Fossils  and  burrows,  including  Chon¬ 
drites,  are  more  common  in  the  upper  part.  Radio- 
larian  molds  replaced  by  sparry  calcite,  calcis- 
phaerulids,  chitinous  shell  debris,  and  rare 
foraminifera  occur  in  addition  to  nannofossils 
which  are  fairly  well  preserved  throughout  the 
formation.  Calpionellids  were  observed  in  thin 
sections  in  core  46:1,  and  Nannoconus  is  common  in 
core  49.  The  carbonate  content  averages  41.6%  in 
the  lower  part  of  the  cored  sequence  and  67%  in 
the  upper  47  m.  Up  to  35%  aragonite  also  was 
detected  in  the  lower  part. 

Acoustic  Character.  The  top  of  the  Cat  Gap 
Formation  is  correlated  with  a  reflector  below 
Horizon  8  at  Sites  100  and  391C  (Figure  5,  Benson, 
Sheridan  et  al. ,  1978).  The  reflector,  named 
Horizon  C  by  Sheridan  et  al.  (1978)  shows  lateral 
gradations  in  reflectivity  and  is  locally  more 
prominent  than  Horizon  8  (Figure  6).  Associated 
reflectors  occurring  within  50  m  of  Horizon  C  are 
highly  variable  in  intensity,  perhaps  indicating 
lateral  changes  in  lithology  near  the  contact  with 
the  overlying  formation.  This  is  supported  by 
similar  lateral  changes  in  internal  velocity  (Fig¬ 
ure  5).  At  Site  105,  there  is  no  clearly  defined 
reflector  correlating  with  the  top  of  the  Cat  Gap 
Formation.  The  site  was  drilled  on  top  of  a 
basement  swell,  and  deep  reflectors  lap  onto  the 
swell  and  pinch  out  at  the  site.  The  formation  is 
so  thin  in  this  region  that  it  might  not  be 
resolved  by  the  long  wavelength,  low  frequency 
(25  Hz)  seismic  data. 

Most  of  the  available  seismic  reflection  data 
linking  drill  sites  near  the  continental  margin 
are  conventional  single-channel,  acquired  with  a 
20  inch3  airguu  sound  source.  These  records  do 
not  clearly  define  deep  reflectors  in  the  thick 
continental  margin  sediments  so  t>  at  detailed 
seismic  correlation  between  these  .ites  is  dif¬ 
ficult.  A  few  recently  obtained  multichannel  and 
large  airgun  reflection  profiles  in  the  basin 
(Grow  and  Markl,  1977)  do  show  Horizon  C  over  a 
wide  area  and  this  reflector  can  be  traced  to 
sites  100  and  105  from  Site  391. 

Acoustic  basement  underlying  the  Cat  Gap  For¬ 
mation  at  Sites  100  and  105  is  oceanic  Layer  2. 

The  Cat  Gap  Formation  overlies  older  crust  at 
Site  391C  and  a  general  eastward  onlap  of  re¬ 
flectors  onto  acoustic  basement  throughout  this 
region  results  in  a  variety  of  prominent  reflec¬ 
tors  appearing  within  or  below  the  Cat  Gap  Forma¬ 
tion  at  this  site. 

In  situ  compressional  wave  velocities  of  sedi¬ 
ments  comprising  the  Cat  Gap  Formation  are  depen¬ 
dent  on  the  thickness  of  sedimentary  overburden  as 
well  as  the  physical  character  and  composition  of 
sediments.  At  Site  100,  where  overburden  thick¬ 
ness  is  about  238  m,  interval  velocity  calculated 
from  reflector-borehole  correlation  is  2.3  km/s 
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(Hollister,  Ewing  et  al.  .  1972).  At  Site  3910  the 
average  value  of  shipboard  measurements  is  2.8  km/s 
(Benson,  Sheridan  et  al.  ,  1978),  but  this  figure 
is  lower  than  in  situ  values  of  3. A  to  A. 3  km/s 
(Figure  5)  beneath  1326  m  of  overburden.  Cat  Gap 
formation  interval  velocity  at  Site  105  is  un¬ 
known,  but  is  probably  higher  than  the  1.8  km/s 
value  calculated  by  Hollister,  F.ving  et  al. 

(1972)  for  the  thicker  ii.terval  from  Horizon  8  to 
basement. 

Age.  The  age  of  the  Cat  Gap  Formation  at  the 
type  locality  (Site  105)  was  broadly  interpreted 
to  span  the  Oxfordian-Tithonian  (Figure  7).  An 
Oxfordian~KJmmeridgian  age  was  established  for 
Sites  99  and  100  (Hollister,  Ewing  et  al. ,  1972) 
and  at  Site  391  the  cored  part  of  the  formation  is 
Late  Kimmeridgian-Tithonian  (Figure  9;  Benson, 
Sheridan  et  al. ,  1978). 

The  basal  greenish-grey  subfacies  of  tne  Cat  Gap 
Formation  at  Site  100  was  considered  by  Hollister, 
Ewing  et  al.  (1972)  to  be  Callovian.  The  lowest 
twc  sedimentary  cores  (9  and  10)  contain  Bathonian, 
Callovian,  and  Oxfordian  dinof lagellates  (Habib, 
1972).  The  calcareous  nannoplankton  in  these 
cores  are  Callovian  or  Oxfordian  (Hollister,  Ewing 
et  al. ,  1972),  but  according  to  Thierstein  (1976; 
see  also  Larson  and  Hilde,  1975)  the  nannoplankton 
may  be  restricted  to  Oxfordian. 

The  association  of  pelecypod  filaments,  proto- 
globigerinids,  Globoahaete ,  ammonite  aptychi, 
calcisphaerulids,  and  minor  Saccoooma  is  charac¬ 
teristic  of  the  Oxfordian  in  the  western  Mediter¬ 
ranean  Jurassic  (Azema  et  al. ,  197A;  Kuhry  et  al. , 
1976)  and  a  similar  age  for  the  filaments  micro¬ 


facies  of  ti.e  Cat  Gap  Formation  is  considered 
probable.  Site  105  was  drilled  on  the  eastern 
side  of  anomaly  M-25,  and  site  100  is  located  in 
the  Jurassic  magnetic  quiet  zone  just  older  than 
anomaly  M-25  (Larson  and  Hilde,  1975;  Schouten  and 
Klitgord,  1977).  These  age  data  tend  to  confirm 
an  Oxfordian  age  for  M-25,  as  suggested  by  Larson 
and  Hilde  (1975)  and  van  Hinte  (1976a, b). 

Sedimentary  rocks  with  common  occurrences  of 
Saceocoma  in  the  Mediterranean  region  are  gener¬ 
ally  assigned  to  the  Kimmeridgian-Early  Tithonian 
(Gonzales-Donoso  et  al.  ,  1971;  Lehman,  1972;  Azema 
et  al. ,  197A;  Kuhry  et  al. ,  1976).  Based  on 
microfossil  associations  at  Site  100,  105  and 
391C,  an  approximate  Oxfordian  age  for  the  fila¬ 
ments  microfacies  and  a  Kimmeridgian-Early 
Tithonian  age  for  the  Saccoooma  microfacies  arc 
indicated. 

Depositional  Environment ■  The  deposit ional 
environment  of  the  Cat  Gap  Formation  can  be  in¬ 
ferred  from  sediment  composition  and  texture  and 
from  composition  and  preservation  of  the  fossil 
assemblages.  Coarse  terrigeneous  detritus  is 
absent.  Fine  quartz  silt,  mica,  and  clay  minerals 
were  probably  transported  in  suspension  from 
distant  shelf  sources.  Plant  debris  and  kaolinite 
at  Site-  100  suggest  contributions  from  continental 
sources,  possibly  by  turbidity  currents  through 
Cat  Gap.  Redeposited  pelagic  sediments  at  Site 
100  and  105  are  attributed  to  slumping  from  local 
topographic  highs. 

Both  the  foraminiferal  and  ostracod  assemblages 
suggest  a  bathyal  environment  (Luterbacher ,  1972; 
Oertli,  1972),  but  the  environmental  significance 


Figure  A.  Cat  Gap  and  Blake-Bahama  Formations. 

A.  Clayey  reddish-brown  (10R  A/A)  limestone,  evenly  bedded  with  thin 
(light  colored)  greenish-grey  (5G  6/2)  laminae,  and  burrow  fillings. 

Prominent  bed  of  graded  dctrital  carbonate  at  117  cm.  Note  the  dif¬ 
fuse  boundary  between  green  and  reddish-brown  zones.  Cat  Gap  Formation 
(Leg  11-105-38:3,  99-12A  cm). 

B.  Filaments  microfacies,  with  thin  shells  of  pelagic  pelecypods  (F)  and 
calcisphaerulids  (Sttoniosphaera-C.) .  Thin  section,  ordinary  light, 
scale  bar  =  1  mm.  Cat  Gap  Formation  (Leg  11-105-37:1,  29  cm). 

C.  Saenocoma  microfacies,  composed  of  fragments  of  pelagic  crinoids  (S) 
displaying  syntaxial  calcite  overgrowth,  radiolaria  replaced  by  sparry 
calcite,  and  hematite-stained  argillaceous  micrite  (thin  section, 
ordinary  light,  scale  bar  =  1  mm).  Cat  Gap  Formation  (Leg  11-105-33:A,  55cra). 

D.  Light-grey  (K  7)  nannofossil  limestone,  with  thin  bed  of  greenish-grey 
clay  (5G  6/1),  indistinctly  laminated  and  bioturbated.  Microstylolites 
are  concentrated  from  85  to  90  cm.  Blake-Bahama  Formation  (Leg  AA-391C- 
A2:3,  76  to  101  cm). 

E.  Chalky  limestone,  light  greenish-grey  (5G  8/1),  nonlaminated  and 
heavily  burrowed;  interbedded  with  finely  and  evenly  laminated  darker 
zones  of  olive  grey  (5Y  A/1),  soft  clayey  limestone.  Contacts  are 
gradational'.  Blake-Bahama  Formation  (Leg  11-105-28:1,  99  to  12A  cm). 

F.  intraclast  of  light-grey  micrite  containing  calpionellids  (C)  and 
sparry- calcite-replaced- Radiolaria,  enclosed  in  brownish-stained 
biomiarite  (thin  section,  ordinary  light y  scale  bar  =  1  mm).  Near 
base  of  the  Blake-Bahama  Formation  (Leg  11-105-32 : 1,  130  cm)  . 

G.  ■  Scanning  electron  micrograph- of  chalky  limestone  near  the  top  of  the 

Blake-Bahama  Formation  (Leg  11-105-17:1,  71  cm).  Note  fragmented 
character  and  corrosion  of  some  of  the  nannofossils  and  high  porosity 
-  of  the  sediment.  Scale  bar  =  10  pm. 
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Figure 5.  Line  tracing  of  R/V  Conrad  multichannel 
profile  MCI  through  DSDP  Site  391  (modified 
from  Sheridan  et  at.,  1978).  Location  in 
Figure  1.  Reflectors  are  discussed  in 
text.  Hyperbolic  reflectors  at  a  shallow 
depth  are  diffractions  apparently  generated 
from  rills  created  in  the  M  reflector  by 
bottom-current  erosion  or  debris-flow 
erosion.  Interval  velocities  (kra/s)  derived 
from  multichannel  velocity  analyses  and 
averaged  in  groups  separated  by  dashed 
lines.  Velocities  under  Site  391  were 
calculated  from  reflector/borehole  corre¬ 
lation. 

of  these  faunas  is  still  poorly  known  (Funnel, 
1967).  The  foraminifera  are  predominantly  primi¬ 
tive  and  arenaceous  forms,  and  the  ostracods  are 
dwarf  and  larval  forms.  Only  isolated  protoglo- 
bigerinids  were  found  at  Sites  100  and  105. 

Ammonite  aptychi  are  relatively  common  but  phrago- 
mocones  and  casts  of  shells  are  exceptionally 
rare.  This  suggests  that  deposition  was  below  the 
-ragonite  compensation  depth  (ACD),  but  relatively 
common  aragonite  at  Site  391C  indicates  that 
deposition  occurred  near  the  ACD.  Luterbacher 
(1972)  noted  that  at  Site  105,  light-colored 
clasts  of  shallower  water  origin  (probably  from 
adjacent  highs)  were  incorporated  in  the  red 
mudstones  (Figure  4F).  which  were  probably  de¬ 
posited-  near  the  CCD.  Deposition  near  the  CCD 
(Figure  23)  is  also  indicated  by  the  low  carbonate 
content  (16-20%)  of  cores  38  to  40  at  Site  105. 
Assuming  Jurassic  ridge -crest  elevations  similar 
to  those  of  today,  the  eastern  .reaches  of  the  Cat 
Gap  Formation  (i.e.  that  part  which  has  been 
drilled)  were  deposited  in  a  bathyal  environment. 
Toward  the  west  deposition  may  have  been  on  an 
older,  presumably  deeper;  sea  floor,  but  this  has 
to  be  proved  by  future  deep  drilling  in  the  conti¬ 
nental  margin. 

Sedimentation  rates  of  the  Cat  Gap  Formation 
(uncorrected  for  compaction),  are  about  8  m/m.y.  at 
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Site  100,  10  m/m.y.  at  Site  105,  and  14  m/m.y.  at 
391C.  These  rates,  sediment  composition,  and 
sedimentary  structures  all  indicate  that  the  Cat 
Gap  Formation  was  formed  by  pelagic  deposition, 
occasionally  interrupted  by  bottom  cuirent,  slump¬ 
ing  and  turbidites. 

Identifying  Features.  The  Cat  Gap  Formation  is 
identified  by  its  reddish-brown  color,  intercal¬ 
ations  of  pelagic  clayey  limestone  and  calcareous 
clnystone,  occur-ence  of  incipient  nodular  tex¬ 
ture,  and  presence  of  the  seismic  Horizon  C  near 
the  top  of  the  formation. 

Correlation  with  Other  Units.  A  lithofacies 
similar  in  color,  composition  and  fossil  assem¬ 
blage  to  the  Cat  Gap  Formation  was  penetrated  in 
the  Cape  Verde  Basin  (Site  367,  Lancelot,  Seibold 
at  at.,  1978),  indicating  similar  development  of 
the  Upper  Jurassic  sequences  in  the  eastern  North 
Atlantic  (Jansa  et  at.,  1978).  The  top  of  the  red 
marly  limestones  there  forms  a  widespread  reflec¬ 
tor  which  Lancelot,  Seibold  et  at.  (1978)  have 
designated  reflector  C. 

The  lithofacies  along  the  North  American  outer 
shelf  that  are  time-synchronous  with  the  Cat  Gap 
Formation  are  shallow-water  carbonate  banks  of  the 
Abenaki  Formation  on  the  Scotian  Shelf  (Jansa  and 
Wade,  1975),  unnamed  carbonate  sequences  of  the 
Great  Bahama  Bank  (Meyerhoff  and  Hatten,  1974)  and 
seismically  identified  carbonate  banks  off  the  New 
Jersey  coastal  plain  (Schlee  et  at.,  1976).  Pos¬ 
sible  clastic  equivalents  are  nonmarine  deposits 
on  the  New  Jersey  coastal  plain  and  continental 
shelf  (Perry  et  at.,  1975;-  Smith  et  at.,  1976), 
and  fine-grained  marginal-marine  elastics  (Mic  Mac 
Formation,  Mclver,  1972)  of  the  Scotian  Shelf  and 
Grand  Banks  (Jansa  and  Wade,  1975a).  Some  of  the 
shales  of  the  Mic  Mac  Formation  and  an  unnamed 
clastic  sequence  at  the  base  of  the  COST  B-2  well 
in  the  Baltimore  Canyon  Trough  are  highly  oxidized 
and  reddish  colored,  but  none  of  the  deeper,  outer 
shelf  sediments  show  a  similar  high  oxidation 
state  (Jansa  and  Wade,  1975a;  Jansa  et  at. , 

1976). 

Bernoulli  (1972)  compared  the  reddisn-brown 
argillaceous  limestones  of  the  North  American 
Basin  witli  the  Alpine  Amraonitico  Rosso  facies  and 
the  Rosso  ad  Aptici  variant  of  the  central  Apen¬ 
nines  and  western  Greece.  The  Rosso  ad  Aptici  is 
a  red,  green,  and  grey  nodular  marly  limestone  and 
marl  of  Toarcian-Aalenian  (Early  Jurassic)  age. 

The  basinal  character  of  this  formation  is  indi¬ 
cated  by  intercalated  slump  complexes  and  tur¬ 
bidites  (Bernoulli,  1972)  and  in  this  respect  it 
is  the  closest  analogue  of  the  Cat  Gap  Formation 
of  the  North  Atlantic.  The  Amraonitico  Rosso 
facies,  indicative  of  pelagic  deposition  over 
topographic  highs  (the  swell  facies  of  Bernoulli 
and  Jenkyns,  1974),  differs  considerably  from  the 
Cat  Gap  Formation  by  the  condensed  nature  of  these 
deposits,  the  presence  of  nonsequences  at  the  base 
and  within  the.  Ammonitico  Russo,  the  presence  of 
hafdtgrouhds,  ferromanganese  crusts  and  coatings, 
and  the  frequent  occurrence  of  worn  ammonites. 
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Figure  6.  Processed  segment  of  multichannel  seismic  reflection  profile  MCI  near 

Site  391  (from  Sheridan  at  ai. ,  1978).  Distance  coordinates  in  kilometres 
same  as  in  Figure  5.  Segment  processed  with  common-depth-point  gather, 
velocity  analysis,  normal-move-out  correction,  24-fold  stacking,  and  time- 
variable  gain.  The  upper  data  suffer  from  ringing  that  is  removed  in  the 
lower  data  by  deconvolution.  Reflectors  are  more  easily  identifiable  in 
deconvolved  data. 


Btake-Bahama  Formation 

The  light-grey,  white  and  dark  grey  limestone 
sequence  that  overlies  the  Cat  Gap  Formation  and 
is  overlain  by  dark  grey  and  black  carbonaceous 
shales  (Figure  2)  is  here  named  the  Blake-Bahama 
Formation.  The  type  section  is  at  Sice  391C 
(Tables  1,  2  and  5,  Figures  8  and  24)  in  the  Blake- 
Bahama  Basin.  The  lithostratigraphic  identity  of 
the  Blake-Bahama  Formation  was  recognized  by 
Lancelot  at  at.  (1972,  p.  918),  who  described  it 
as  "Tithonian-Neocoraian  white  and  grey  limestone". 

Type  Locality.  At  Site  391C,  the  type  locality, 
326  m  of  interlayered  lithofacies  range  from 
nearly  pure ‘limestone  (74  to  96%  calcite)  through 
marly  limestone  (45  to  69%)  and  sandy  -limestones, 
to  calcareous  claystone  (16  to  32%).  These  litho¬ 
facies  are  grouped  into  three  subunits.  The  basal 
107  m  is  bioturbated  clayey  limestone  with  olive- 


grey  (5Y4/1)  calcareous  clay  and  greenish  (5G6/1 
to  5G4/1)  calcareous  shale  in  well  defined  layers 
2  to  3  cm  thick  and  in  wispy  partings  spaced  about 
10  cm  apart  (Figure  4D).  Very  thin  intervals  of 
millimeter-thick  laminated  grey  calcareous  mud¬ 
stone  are  interbedded  in  the  upper  40  m.  The 
bioturbated  clayey  limestones  are  white  (S8)  to 
light  bluish-grey  (5B7/1)  and  contain  some  stvlo- 
lites  and  many  calcitized  and  pyritized  radio- 
larians.  The  middle  subunit  is  96  m  of  alter¬ 
nating  (1)  millimetre-thick  lam.nated  light  grey 
to  olive  grey  or  very  dark  grey  clayey  limestone, 
(2)  light  bluish-grey  bioturbated  clayey  lime¬ 
stone,  and  (3)  black  to  very  dark  grey  calcareous 
claystone.  These  three  lithologies  alternate 
every  5  to  100  cm  without  any  apparent  systematic 
order.  The  uppermost  subunit,  i23  m  thick,  is 
characterized  by  sandy  limestone  and  calcarenite 
beds  up  to  1  m  thick,  with  thin  anferbeds  of 
cross-laminated  clayey  limestone.  Light-grey 
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Figure  7.  Multiple  biostratigraphy  of  Site  105,  lower  continental  rise. 
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Figure  8.  Boreholes  that  have  cored  sediments  of 
the  Blake-Bahama  Formation.  Formation 
Thickness  (metres)  in  parentheses. 
Horizon  8  correlates  approximately 
with  the  top  of  the  Blake-Bahama  lime¬ 
stones;  the  eastern  boundary  indicates 
mapped  pinch-out  on  basement  (after 
Mountain  and  Tucholke,  1977),.  near  the 
magnetic  anomaly  M-ll.  This  anomaly 
has  been  interpreted  .by  van  Hinte 
(1976)  to  be  Valanginian  in  age. 

limestone  and  dark  grey  mudstone  (several  centi¬ 
metres  thick)  are  interbedded  with  these  clastic 
lithologies.  Scour-and-fill  structures  are  common 
in  this  interval. 

The  Blake-Bahama  Formation  limestones  at  the 
type  locality  consist  of  micritic  calcite,  clay 
minerals  (Table  6),  and  poorly  preserved  nanno- 
fossils  (Figure  4G).  They  contain  abundant  casts 
of  radiolarians  replaced  by  calcite  or  pyrite. 
Calpionellids  and  calcisphaerulids  are  locally 
common  and  foraminifers  are  rare.  Ammonite 
aptychi  and  fish  debris  are -present  in  some  of  the 
calcareous- claystone  laminae.  Clastic  intervals 
of  the  upper  subunit  contain -benthic  foraminifers 
and  fragments  of  other  benthic  fossils.  Mono- 
crystalline  quartz-,  microcline,  crthoclase, 
plagioclaso,  abraded  ooids,  and  wood  fragments,  are 
components  of  the  clastic  limestones  (Freeman  and 
Enos,  1978).  The  dark-grey  calcareous  claystones 


contain  finely  disseminated  organic  debris,  fre¬ 
quent  pyrite,  and  fine  quartz  silt  laminae.  The 
average  porosity  of  the  sediments  is  22.5%,  and 
the  average  organic  carbon  content  is  0.3%. 

Contacts.  Both  the  lower  and  upper  contacts  of 
the  Blake-Bahama  Formation  are  gradational  at  the 
type  locality.  The  top  of  the  Cat  Gap  Formation 
grades  into  the  Blake-Bahama  Formation  over  an 
interval  of  45  m.  As  defined  earlier,  the  tran¬ 
sition  zone  occurs  within  the  Cat  Gap  Formation  so 
that  the  Cat  Gap  contains  interbeds  of  light 
bluish-grey  limestone,  together  with  character¬ 
istic  reddish-brown  and  greanish-grey  clayey 
limestones  and  calcareous  claystones  that  increase 
in  abundance  downward.  The  boundary  of  the  Cat 
Gap  ant:  Lhe  Blake-Bahama  Formations  is  defined  at 
the  first  downhole  occurrence  of  reddish-colored 
beds  (Table  5).  At  Site  105  the  lower  transi¬ 
tional  zone  is  only  a  few  metres  thick,  and  this 
is  proposed  as  the  Blake-Bahama  Formation  lower 
boundary  parastratotype  (Table  2). 

The  top  of  the  Blake-Bahama  Formation  grades 
into  black  claystone  over  an  intermittently  cored 
interval  about  100  m  thick  in  the  type  section,  at 
Site  391C.  The  boundary  is  placed  between  cores 
13  and  14,  above  which  the  limestone  is  subor¬ 
dinate  to  dark  claystone  beds.  A  boundary  para¬ 
stratotype  is  defined  at  Site  105  (Table  2)  where 
although  the  contact  is  again  transitional  over  a 
few  metres  it  is  more  clearly  defined  than  at 
Site  391C. 

Regional  Aspects.  The  Blake-Bahama  Formation 
was  cored  at  seven  other  sites  in  the  Cat  Gap 
area,  the  Bahama  Outer  Ridge,  the  lower  contin¬ 
ental  rise,  and  the  Bermuda  Rise  (Figures  8,  24, 
Table  5).  At  Site  387  on  the  Bermuda  Rise  the 
formation  rests  directly  on  intrusive  basaltic 
basement  (Tucholke,  Vogt  et  at. ,  1979).  At 
Sites  99A,  100  and  105,  as  at  Site  391C,  it 
directly  overlies  the  Cat  Gap  Formation  (Figure 
22) .  Lithif ication  decreases  in  the  Cat  Gap  area 
(Sites  4,  5,  99A,  100)  where  the  formation  is  near 
the  present  sea  floor  because  strong  bottom 
currents  have  never  allowed  accumulation  of 
overburden  thick  enough  to  cause  consolidation  of 
the  sediments.  The  formation  is  represented  here 
by  nannofossil  oozes  and  chalks,  containing  rare 
beds  of  quartzose  and  porcelanitic  chert  (Holli¬ 
ster,  Ewing  et  ai. ,  1972). 

At  Site  387  on  the  Bermuda  Rise  the  Blake-Bahama 
Formation  consists  of  alternating  layers  similar 
to  those  described  at  the  type  section,  except 
that  the  darker  limestones  contain  appreciable 
siderite  and  dolomite,  quartzose  chert  is  common, 
and  no  sandy  limestones  are  present.  At  Sites  101 
and  105  the  alternating  layers  are  reduced  to  a 
simple  couplet  of  (1)  hard,  white  to  pale-grey, 
bioturbated  pure  micritic  limestone  (Figure  4E), 
and  (2)  soft,  dark  greenish-grey,  laminated  clayey 
limestone.  Light-colored  limestone  layers  pre¬ 
dominate1  in  the  lower  part  of  the  formation 
whereas  dark-grey  beds  with  frequent  zeolites, 
became  progressively  more  abundant  upwards  and  are 
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TABLE  5.  GEOCRAPHIC  DISTRIBUTION  OF  THE  BLAKE- BAHAMA  FORMATION  IN  THE  NORTH  AMERICAN  BASIS 


Region 

DSDP 

Leg 

Location 

Site 

Top 

m* 

A 

Core 

Base  ^ 

m*  Core 

Thickness 

<») 

A&e 

Position 

Blake-Bahama 

44 

391+ 

991-1000.5 

between 

1325.7 

450:2,70 

325.2- 

Ear  real. 

28* 13. 7 *8, 75 *36. 9 *V 

Basin 

- 

1 

[-5955  -5964. S] 

13C  &  14C 

334.7 

Tithonia" 

Bahama  Outer 

u 

101 

580** 

between 

(691  TO) 

10A 

>111 

Keccomian 

25*11. 9*N, 74*26. 3*W 

Ridge 

[-6448] 

6A  4  9A 

Lover  Conti- 

u 

105 

403.3 

17:1,30 

559.8 

33:2,27 

156.5 

Barremian- 

34*53. 7*8,69*10.4 *W 

nental  Rise 

(-5654.3) 

Late  Tithonian 

Bermuda  Rise 

43 

387 

583.8-593.1 

between 

792B 

49  core 

199- 

? Barremian- 

32*19. 2’8,67*40’V 

1 

[-5701.8-5711.1) 

37  &  38 

catcher 

208 

Late  Berriasian 

Unlithlfied  Carbonate  Ooze  Lithofacies 

Cat  Cap  Area 

1 

4 

143-191 

between 

(259  TO) 

5 

68- 

Neocomian- 

24*28.7'N, 73*47. 5’W 

i- 

-5463  -5511] 

3  6  4 

116 

Tithonian 

Cat  Gap  Area 

1 

b 

154-185 

between 

(281  TO) 

7A 

>93- 

Hauterivian- 

24*43.6*8,73*38. 5’W 

i- 

-5508  -5539] 

3A  6  4A 

127 

Tithonian 

Cat  Cap  Area 

11 

99 

32*** 

between 

234*** 

between 

n.200 

Keocomian- 

23*41. 1*8,73*51. 0’W 

' 

(-4946) 

2A  6  3A 

11A  6  12A 

Tithonian 

Cat  Cap  Area 

11 

100 

<203 

above  1 

238**** 

between 

>35 

Valanginian- 

24*41. 3*8,73*47. 9'U 

(-5528) 

16  2 

Late  Tithonian 

*  Metres  below  sea  floor.  Range  in  values  denotes  interval  without  coring  or  recovery. 

(]  Depth  below  sea-level  in  square  brackets. 

TO  Denotes  total  depth  penetrated;  bottoa  of  formation  not  penetrated. 

B  Indicates  that  the  formation  rests  directly  on  basecant. 

S  Core  locations  given  by:  core  number:section,depth  iti  centimetres. 

**  Based  on  seismic  reflector;  interval  543-599  m  not  cored. 

***  Based  on  reduction  in  drilling  rate;  intervals  21-44  a  and  202-235  a  not  cored;  reduction  in  drilling  rate  220-240  a. 
****  Based  on  reduction  in  drilling  rate;  interval  212-238  a  not  cored. 

+  Type  locality. 


<  - 
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in  transition  to  the  black  claystone  of  the  over- 
lying  Hatteras  Formation.  At  Site  105,  slump 
units,  locally  more  than  a  metre  thick,  are  con¬ 
fined  to  the  lower  part  of  the  formation  (Figure 
4F)  below  500  m  sub-bottom,  and  only  small,  minor 
slumps  are  present  at  Site  101  (Lancelot  et  ol. , 
1972). 

At  Site  105,  calpionellids  occur  near  the  base 
of  the  formation,  but  they  are  rare,  poorly  pre¬ 
served,  and  recrystallized  higher  in  the  unit. 
Calcisphaerulids  were  found  at  all  sites.  Nanno- 
conids  are  common  in  some  of  the  cores  at  Site  99A 
(Lehman,  1972)  and  Site  391C  (Wind,  1978).  In  all 
.the  sites  primitive  arenaceous  foraminifera  are 
■rare,  but  small  planktic  foraminifera  are  even 
less  common  (Luterbacher,  1972,.  Aptychi  are 
relatively  common  and  echinoderm,  mollusc,  and 
ostracod  debris  occurs  locally.  The  aptychi  and 
nannoplankton  are  better  preserved  in  the  marls 
due  to  less  diagenetic  alteration.  The  intensity 
of  diagenetic  alteration  decreases  upwards  in  the 
sequence. 

The  terrigeneous  component  of  the  clayey  lime¬ 
stone  is  dominated  by  montroorillonite  and  mica 
(Zemmels  et  at.,  1972)  at  Sites  105,  101A  and  99A 
(Tabic  6).  Otherr  terrigenous  components  are  minor 
silt-sized  quartz,:  plagioclase,  and  -traces  of 
heavy  minerals.  Finely  disseminated  organic 

16  JANSA 


matter  and  quartz  silt  is  common  in  dark-grey 
calcareous  clays. 

Acoustic  Character.  Horizon  B  correlates  with 
the  impedance  contrast  between-  the  calcareous 
sediments  of  the  Blake-Bahama  Formation  and  the 
overlying  dark  clays  of  the  Hatteras  Formation  at 
six  sites  where  both  the  reflector  and  the  contact 
can  be  identified  (Tucholke,  1979).  This  reflec¬ 
tor  can  generally  be  traced  above  basaltic  crust 
older  than  Barremian  age  (Figures  6,  17,  24). 

The  eastward  pinch-out  of  Horizon  B  on  Hauterivian 
to  Barremian-age  crust  (Figure  8)  provides  rough 
confirmation  for  the  age  of  the  upper  boundary  of 
the  formation  (Mountain  and  Tucholke,  1977; 
Tucholke,  1979):  The  acoustic  character  of 
Horizon  B  is  variable.  The  reflector  is  best 
developed  in  the  Cat  Gap  region  where  there  is 
little  overburden.  Here  B  is  a  strong,  crisp, 
fairly  smooth  reflector  capping  a  zone  of  acous¬ 
tically  laminated  sediments  including  the  Blake- 
Bahama  Formation.  The  acoustic  lamination  prob¬ 
ably  reflects  variable  impedance  of  interbedded 
limestones,  -cherts^  and  marls.  This  acoustic 
lamination  is  not  always  distinct  beneath  the 
thicker  sediments  of  the  Blake-Bahama  Cut  er  Ridge 
and  continental  rise,  perhaps  because  of  poor 
signal  penetration  and  because  physical  property 


contrasts  are  reduced  where  overburden  increases 
sediment  consolidation.  Farther  east.  Horizon  6 
becomes  'rregular  because  it  more  closely  overlies 
rugged  altic  basement,  and  at  its  eastern 
extremity  the  reflector  is  only  intermittently 
observed  in  basement  depressions.  The  acoustic 
lamination  of  sub-6  sediments  is  seldom  well 
developed  in  this  region. 

In  all  areas  where  Horizon  6  is  observed,  it  is 
not  uncommon  for  other,  generally  weaker  reflec¬ 
tors  to  appear  and  fade  laterally  in  the  interval 
50  to  100  m  above  6-  This  is  particularly  evident 
at  Site  391C  (Figure  6)  and  at  sites  near  the 
Bahama  Barks.  These  reflectors  may  be  carbonate 
beds  within  ihe  overlying  black  clays,  prob.bly 
derived  from  the  adjacent,  shallow  carbonate 
provinces  (see  Hatteras  Formation,  Site  41.  They 
suggest  that  Horizon  6  and  the  top  of  the  Blake- 
Bahama  Formation  is  diachronous,  reflecting  the 
local  persistence  of  detrital  carbonate  sediment¬ 
ation  beyond  the  cessation  of  pelagic  carbonate 
deposition  in  the  basin. 

The  base  of  the  Blake-Bahama  Formation  probably 
is  marked  by  Horizon  C  at  the  top  of  the  Cat  Gap 
Formation  (Figure  6)  as  discussed  previously. 

Where  the  oceanic  crust  is  younger  than  about 
Tithonian,  as  at  Site  387,  Horizon  C  pinches  out 
and  the  Blake-Bahama  Formation  rests  directly  on 
basaltic  basement. 

Compressional-wave  velocities  of  the  Blake- 
Bahama  Formation  vary  with  overburden  thickness. 
Shipboard  velocity  measurements  on  core  samples 
average  2.78  km/s  in  the  top  250  m  at  Site  391C 
and  3.31  km/s  at  the  base.  At  Site  387  measured 
velocities  ranged  from  1.8  to  4.7  km/s  in  various 
interbeds.  These  measured  values  average  less 
than  the  in  situ  velocities  calculated  from  cor¬ 
relation  of  the  borehole  to  the  seismic  record: 
Site  391C  -  3.60  km/s  (1000  m  overburden);  Site 
387  -  2.08  km/s  (590  m  overburden);  and  Site  100  - 
(?)  2.05  km/s  (presently  no  overburden).  Inte~/al 
velocities  measured  by  the  CDP  method  in  the  Blake 
Bahama  Basin  are  3.2  to  3.6  km/s,  close  to  the 
calculated  measurements  (Figure  5;  Sheridan  et 
al.,  1978). 

Age.  The  Blake-Bahama  Formation  has  been  dated 
at  the  type  locality  by  nannofossils,  dinoflagel- 
lates,  foraminifers,  and  aptychi  and  appears  to  be 
Late  Tithonian-Barremian  (Figure  9).  At  Site  105 
the  formation  is  also  Late  Tithonian-Barremian 
(Figure  7),  at  Site  99A  Tithenian-Hauterivian/ 
Barremian  at  Site  100  Late  Tithonian-Valanginian 
and  at  Site  387  Late  Farrias  ian_to  ? Barremian 
(Figure  14) .  At  Sites  99A  aud  100  the  upper  part 
of  the  formation  was  not  cored,  and  at  Sites  4,  5, 
and  101  the  upper  boundary  is  also  uncertain  due 
to  the  scarcity  of  mierbfauna  and  intermittent, 
coring.  At  these  sites  the  boundary  is  apparently 
of  Hauterivian  to  Barremian  age. 

Depositional  Environment.  The  Blake-Bahama 
Formation  at  the  type  locality  is  a  texturally 
variable  sedimentary  sequence  of  alternating 
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lamir.  red  and  bioturbated  limestone  intervals, 
with  graded  sandy  limestone  intervals  in  the  upper 
part  of  the  formation.  The  microfossils  including 
common  radiolarians,  indicate  pelagic  deposition 
in  an  oxygenated  deep  bathyal  environment.  The 
relative  paucity  of  planktic  foraminifera  and 
presence  of  etched  nannofossils  at  the  type 
section  nr  gests  deposition  near,  but  above  the 
CCD.  Reconstruction  Of  site  paleodeptil  curves 
indicates  water  depths  possibly  as  great  as  4500  m 
in  the  type  area,  and  about  500  m  shallower 
depths,  in  other  sites  (Figure  23). 

Seismic  profiles  across  the  Blake-Bahama  Basin 
show  deposition  of  flat-lying  sediments  in  a  basin 
uninterrupted  by  basement  peaks  (Figure  5).  The 
alternately  laminated  and  bioturbated  sediments  in 
the  lower  part  of  the  section  at  Site  391C  may 
include  fine-grained  turbidites  originating  from 
the  Bl-'.ka  Plateau.  Some  of  the  laminations  may 
represent  reworking  by  bottom  currents  that 
were  intensified  near  the  steep  marginal  escarp¬ 
ment.  Harked  variations  in  thickness  of  the 
formation  observed  in  profiler  records  near  the 
Bahama  Banks  south  of  the  type  area  led  Mountain 
and  Tucholke  (1977)  to  suggest  that  persistent 
bottom  currents  created  zones  of  preferential 
deposition  in  the  Early  Cretaceous. 

Turbidity  currents  were  active  during  deposition 
of  the  upper  part  of  the  Blake-Bahar-a  Formation  at 
Site  391C.  where  graded  limestone  ana  sandy  lime¬ 
stone  beds  were  deposited.  The  presence  of 
abraded  oolites,  quartz,  and  feldspar  grains  in 
cross-bedded  sandy  limestone  beds  at  this  site 
indicate  provenance  from  a  mixed  terrigenous  and 
carbonate  shelf.  Oolite  banks  were  probably 
developed  at  that  time  at  the  outer  shelf  margin 
(Enos  and  Freeman,  1978). 

In  areas  away  from  the  continental  margin 
(Site  387)  and  on  basement  rises  (Site  105),  local 
slumping  of  carbonate  detritus  from  highs  probably 
formed  'pelagic  turbidites*  (Lancelot  et  al. , 
1972).  However,  the  Blake-Bahama  Formation  at 
these  Sites  is  more  characteristic  of  a  pelagic 
depositional  environment. 

Sediment  accumulation  rates  average  7  to  10 
m/m.y.  at  all  sites,  except  at  Site  101  where  the 
rate  may  have  reached  18  m/m.y. 

Identifying  Features.  Light  grey  color,  mic- 
ritic  limestone  composition  with  abundant  calcite 
replaced  radiolarians,  occurance  of  stylolites, 
presence  of  seismic  reflector  6  near  the  upper 
formation  boundary,  and  the  position  of  the  for¬ 
mation  between  underlying  reddish-brown  colored 
limestones  of  the  Cat  Gap  Formation  and  overlying 
dark  shales  of  the  Hatteras  Formation  are  identi¬ 
fying  features  of  the  Elake-Bahaoa  Formation. 

Correlation  with  Other  Units.  Deltaic  depos¬ 
ition  dominated  the  Late  Tithonian-Barremian  on 
the  inner  "and  middle  North  Atlantic  shelf  north  of 
Cape  Hatteras.  Shallow-water  limestones,  locally 
enclosing. hydrozoan- -coral  -  sponge  reefs,  form  a 
discontinuous  belt  situated  alongthe  more  stable 
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Figure  9.  Multiple  biostratigraphy  of  Site  391C  located  in  Blake-Bahania  Basin. 
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parts  of  the  outer  paleo-shelf  and  over  topogra¬ 
phic  highs.  Fine  grained  limestones  and  calca¬ 
reous  clays  were  deposited  at  the  same  time  in  a 
deeper  outer  shelf  (Jansa  and  Wade,  1975a,  b; 

Smith  et  at..,  1976,  Perry  et  al. ,  1975).  The 
Upper  Jurassic-Lower  Cretaceous  carbonate  banks 
north  of  the  Blake  Plateau  are  identifiable  by  a 
strong  seismic  reflector  which  is  approximately 
Hauterivian  on  the  Canadian  margin  (Jansa  and 
Wade  1975a).  This  seismic  reflector  is  synchronous 
with  the  seismic  Horizon  0  in  the  deep  sea  and 
thus  both  of  these  seismic  reflectors  may  be 
correla table. 

Extensive  Upper  Jurassic  and  Cretaceous  car¬ 
bonate  deposits  cover  the  Blake  Plateau  and 
Florida- Bahama  region  (Meyerhoff  and  Hat ten, 

1974),  but  these  shallow-water  units  cannot  be 
correlated  satisfactorily  with  deposits  in  the 
basin.  An  exception  is  shallow  marine  carbonate 
at  the  Blake  Nose  (Sites  390,  392)  which  can  be 
paleontologically  correlated  with  the  top  of  the 
Blake-Bahama  Formation  at  the  type  section  ( Gave - 
linella  bavvemiana-Lentieulina  sigali  Zone  of 
Barremian  age;  Gradstein,  1978). 

A  lithofacies  similar  to  the  Blake-Bahama 
Formation  was  cored  at  Site  367  in  the  Cape  Verde 
Basin  (Jansa  et  al.  ,  1978)  and  it  outcrops  on  Maio 
Island  of  the  Cape  Verde  Archipelago  .(Stahlecker , 
1933).  Thus  wide  distribution  of  this  lithofacies 
in  the  central  North  Atlantic  is  indicated. 

Bernoulli  (1972)  compared  the  lithified  portion 
of  the  Blake-Bahama  Formation  with  the  Late 
Tithonian-Barremian  Maiolica  Formation  of  the 
southern  Alps  and  Apennines  and  the  unlithified 
portions  of  the  Blake-Bahama  Formation  to  the 
Aptiar.-Albian  more  argillaceous  Marne  a  Fucoidi 
and  Scaglia  Variegata.  On  the  basis  of  both 
lithology  and  age,  the  Maiolica  probably  corre¬ 
lates  better  with  the  Blake-Bahama  Formation. 
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Figure  10.  Boreholes  that  have  cored  sediments  of 
the  Hatteras  Formation.  Formation 
thickness  (metres)  in  parentheses. 
Subfacies  are  differentiated  by  indi¬ 
cated  patterns.  Dashed  line  shows  the 
approximate  eastward  limit  of  black 
clays. 


Hatteras  Formation 

The  Hatteras  Formation  as  formally  defined  h°re 
is  dark  greenish-grey  to  black  carbonaceous  clt. 
and  laminated  marl  widespread  in  the  North  Ameri¬ 
can  Basin  (Ewing,  Worzel  et  al. ,  1969;  Hollister, 
Ewing  et  al. ,  1972;  Tucholke,  Vogt  et  al. , 

1979).  The  type  section  is  at  Site  105  (Tables  1, 
,  2\  and  7)  on  the  lower  continental  rise  adjacent 
to  the  Hatteras  Abyssal  Plain  (Figure  1). 

This  formation  was  first  sampled  by  piston 
coring  of  the  outcrop  in  the  Cat  Gap  area  (Saito 
et  al. ,  1966;  Windiseh  et  al. ,  1968)  and  first 
drilled  by  DSDP  at  Site  5  (Ewing,  Worzei  et  al. , 
1969) .  The  continuity  of  the  sequence  was  recog¬ 
nized  by  Lancelot  et  al.  (1972)  who  described  it 
from  Sites  105  and  101  as  "Lower  Cretaceous  black 
clays". 

Type  Locality.  At  Site  105,  the  type  locality, 
113.2  m  of  dark  greenish-grey  (5G5/1)  to  black 
(N/l)  carbonaceous,  zeolitic,  silty  claystones 
(Figure  1-lA)  alternate  with  minor,  lighter 
greenish-grey  (5Y4/1)  claystones.  The  lower  half 
of  the  formation  .is  mostly .black,  but  centimetre- 
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to  decimetre-thick  black  beds  alternate  with  dark 
grey  and  green-grey  beds  of  comparable  thickness 
at  the  top  of  the  sequence.  Contacts  are  sharp. 
Burrows  are  common  in  lighter  claystone  beds,  but 
are  lacking  in  the  black  claystones.  Thin  dis¬ 
crete  silty  laminae  containing  siderite,  pyrite, 
clinoptilolite,  cristobalite,  and  montmorillonite 
occur  throughout  the  formation;  laminae  colors 
vary  through  grey,  white,  and  brown  (Figure  11A) . 
Silty  claystone,  the  dominant  lithology,  averages 
65%  clay-size  particles.  Clay  minerals  are  dom¬ 
inantly  montmorillonite  and  mica,  with  less  than 
2%  chlorite  and  kaolinite  (Table  8).  Zeolite 
(clinoptilolite)  is  an  important  component 
(Figure  11C),  constituting  up  to  38%  of  the  bulk 
mineralogy  in  X-ray  samples.  Carbonates,  quartz, 
cristobalite,  feldspar,  siderite,  pyrite,  and 
organic  matter  particles  are  minor  constituents. 
Calcium  carbonate  content  is  generally  less  than 
2%,  but  a  number  of  samples  show  a  mode  of  about 
25%.  Organic  carbon  content  varies  from  0.1  to 
4.8%  with  one  value  of  14.8%  near  the  top  of  the 
formation.  Average  porosity  is  about  55%. 

Dinof lagellates.  and  rare  py.ritized  radiolaria 


are  usually  Che  only  microfossils  present.  Foram- 
inifera,  mostly  primitive  agglutinated  forms,  are 
rare  except  in  a  few  intervals  near  the  top  of  the 
sequence  with  well  preserved  planktic  forms 
(cores  11  and  12,  304  to  322  m;  Luterbacher, 

1972).  Nannofossils  are  absent  except  in  the 
uppermost  and  lowermost  portion  of  the  formation. 
The  upper  part  of  the  formation  is  rich  in  fish 
scales  and  teeth. 

Contacts.  The  lower  contact  with  the  underlying 
Blake-Bahama  Formation  appears  sharp  (Tables  2, 

7),  but  the  core  is  broken  at  this  point,  and  some 
sediment  between  the  juxtaposed  black  clays  and 
limestones  may  be  missing.  Persistence  of  dark 
grey  colors,  clay  minerals,  and  carbonaceous 
debris  into  the  top  of  the  Blake  Bahama  limestones 
suggest  that  the  contact  is  transitional. 

The  upper  contact  is  defined  at  the  uppermost 
occurrence  of  black  clays  characteristic  of  the 
formation  (Table  7).  This  sharp  contact  divides 
black,  greenish-grey,  and  grey  sediments  of  the 
Hatteras  Formation  from  variegated  clays  of  the 
overlying  Plantagenet  Formation.  A  marked  upward 
decrease  in  pyrite  and  zeolite  accompanies  the 
color  change.  A  dramatic  increase  in  organic 
carbon  content  is  found  at  the  top  of  the  type 
section  (core  9:4,  15  cm;  14.8%  Corg)  and  also  is 
reflected  in  other  sites  where  the  upper  contact 
was  cored  (see  below). 

Regional  Aspects.  Dark  carbonaceous  clays  were 
encountered  at  six  other  sites  in  the  North 
American  Basin  (Table  7,  Figures  10  and  24).  Site 


28  is  omitted  from  Table  7  because  of  strati¬ 
graphic  mixing  and  poor  recovery.  Although  no 
major  lithologic  differences  are  encountered, 
varying  degrees  of  induration  require  designations 
of  clay,  claystone,  or  shale  at  various  sites. 
Minor  differences  in  composition  permit  recog¬ 
nition  of  three  regional  subfacies  characterized 
by:  (1)  zeolites  (Site  105),  (2)  radiolarian- 
and/or  nannoplankton-rich  beds  (Sites  386  and 
391C)  or  radiolarian  chert  (Site  5A)  with  only 
traces  of  zeolites,  (3)  clay  lacking  zeolites  or 
siliceous-calcareous  lithofacies  (101,  387).  Type 
2  subfacies  probably  characterize  much  of  the 
basin-margin  and  ridge-flank  region  of  the  Hat¬ 
teras  Formation.  In  these  areas,  siliceous  and 
calcareous  debris  were  rapidly  injected  from 
elevated  peaks  or  banks  to  the  adjacent  deep  basin 
below  the  CCD.  An  extreme  end-member  of  this 
process  occurs  at  Site  4  where  sediments,  although 
dark  grey  in  color,  are  dominated  by  pebbly  mud¬ 
stones  with  carbonate  clasts  of  shallow-water 
origin.  The  type  3  subfacies  is  probably  more 
typical  of  the  remaining  deep-basin  Hatteras 
Formation  than  is  the  zeolitic  subfacies  at 
Site  105. 

The  Hatteres  Formation  overlies  limestones  and 
chalks  of  the  Blake-Bahama  Formation  at  all  sites 
except  at  Site  386  where  it  rests  on  basalt.  The 
lower  contact  of  the  formation  is  gradational 
through  intervals  which  range  from  a  few  metres 
(Site  105)  to  as  much  as  100  m  (Site  391).  The 
upper  contact  with  variegated  clays  of  the  over- 
lying  Plantagenet  Formation  is  transitional  over  a 
few  metres  or  less  at  Sites  386,  387,  and  393 C. 


GEOGRAPHIC  DISTRIBUTION  OF  THE  HATTERAS  FORMATION  IN  THE  NORTH  AMERICAN  BASIN 
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The  sediments  near  the  top  of  the  formation  at 
Sites  386  and  387  have  organic  carbon  contents  as 
high  as  7.7%  and  14.2%,  but  this  was  not  observed 
at  Site  391C.  At  this  site,  the  upper  boundary  of 
the  formation  is  transitional  in  the  upper  3 
metres  of  core  6  and  a  disconformity  may  occur 
within  this  transition  zone.  At  Site  101  a  major 
hiatus  separates  the  Hatteras  Formation  from 
overlying  mid-Tertiary  hemipelagic  muds.  At  Sites 
4/4A  and  5/5A  the  Hatteras  Formation  is  overlain 
by  graded  carbonate  debris  derived  from  the 
adjacent  Bahama  Banks  (Figure  24),  and  a  Late 
Cenomian  to  Early  Turonian  hiatus  may  be  present 
(Pessagno,  1968). 

Acoustic  Character.  No  consistently  observed 
seismic  marker  correlates  with  the  top  of  the 
Hatteras  Formation  (Figures  6,  17).  A  weak 
reflector  occurs  near  the  top  of  the  formation  at 
Site  386,  but  it  cannot  be  definitely  correlated 
with  the  contact  and  is  of  only  local  extent 
(Tucholke,  Vogt  et  al. ,  1979).  Tie  absence  of  a 
reflector  is  not  surprising  because  in  general  the 
physical-mechanical  properties  and  velocities  of 
the  Hatteras  and  overlying  Plantagenet  Formations 
are  similar  (Demars,  1978). 

The  interval  corresponding  to  the  Hatteras 
Formation  is  normally  acoustically  nonlaminated  or 
very  weakly  laminated  in  low-frequency  (less  than 
100  Hz)  profiler  records.  On  airgun  profiler 
records  near  Site  391 C  deconvolution  removes  much 
acoustic  reverberation  in  the  interval  above 
Horizon  8  corresponding  to  the  Hatteras  Formation 
(Figure  6).  The  remaining  internal  reflectors 
probably  represent  ca’careous  beds  derived  from 
the  adjacent  Blake  Escarpment.  Sound  velocities 
in  the  Hatteras  and  overlying  Plantagenet  Forma¬ 
tions  calculated  from  borehole-reflectors  cor¬ 
relations  are  about  1.92  km/s  at  Site  386  (632  m 
overburden),  1.75  to  1.93  km/s  at  Site  387 
(444  m),  1.75  km/s  at  Site  101  (230  m) ,  ?2.0  km/s 
at  Site  105  (240  m),  and  1.97  km/s  at  Site  391 
(649  m) .  Velocities  directly  measured  on  core 
samples  are  scattered  around  these  values,  some 
higher  measured  velocities  reflect  the  preferen¬ 
tial  recovery  of  more  iithified  rocks  during  the 
coring  process. 

Horizon  8  marks  the  lower  boundary  of  the 
Hatteras  Formation  above  Barremian  and  older 
crust,  as  discussed  above,  and  the  formation 
probabii  ciosely  overlies  oceanic  layer  2  (basalt), 
in  regions  of  younger  crust. 

Age.  Ages  established  for  the  Hatteras  Forma¬ 
tion  boundaries  are  variable,  both  because  of 
diachronism  and  because  of  poor  control  resulting 
from  discontinuous  coring  and  impoverished  micro- 
fauna  (Table  7,  Figures  7,  9,  13,  14).  At  the 
Site  105  type  section  the  formation  is  Barreraian- 
Cenomanian  (Figure  7).  At  Site  391C  (Figure  9) 
the  formation  ranges  from  Aptian  (possibly  Barre¬ 
mian)  to  Albian  according  to  Benson,  Sheridan 
et  al.  (1978).  However  G.  Williams  (Geol.  Survey 
of  Canada;  pers.  comm.)  has  identified  dinoflagel- 


lates  of  Cenomanian  age  at  the  top  of  the  black 
clays  in  core  6.  This  may  result  from  either 
uncertainties  in  the  biostratigraphy  or  the  pre¬ 
sence  of  an  unrecognized  hiatus  between  the 
Hatteras  and  Plantagenet  Formations.  A  similar 
hiatus  may  occur  at  Sites  4  and  5  (Pessagno, 

1968).  The  Hatteras  Formation  rests  on  Lower 
Albian  crust  at  Site  386  and  extends  into  the  Late 
Cenomanian.  An  Albian-Cenomanian  age  span  has 
been  determined  for  the  Hatteras  Formation  at  Site 
386  (Figure  13;  Tucholke,  Vogt  et  at.,  1979).  At 
Site  387  the  formation  is  dated  only  by  palyno- 
morphs  and  extends  from  Late  Hauterivian-Middle 
Albian  to  Middle  Cenomanian-Turonian  (Figure  14). 

Depositional  Environment .  The  origin  of  the 
thick  dark  carbonaceous  claystones  in  the  Atlantic 
Ocean  has  been  the  subject  of  considerable  specula¬ 
tion  (Hollister,  Ewing  et  at. ,  1972;  Fischer  and 
Arthur,  1978;  Schlanger  and  Jenkyns,  1976;  Dean 
et  at. ,  1978). 

Mineralogic  and  fossil  composition  of  the 
formation  in  North  American  Basin  sites  suggest 
pelagic  and  hemipelagic  deposition  in  a  deep 
bathyal  to  abyssal  environment  below  the  CCD.  The 
black  clay  occurrence  is  not  strictly  depth- 
dependent,  as  is  indicated  by  lateral  transitions 
to  shallower,  dark-grey  bituminous  marl  litho- 
facies  on  the  slope  off  Spanish  Sahara  (Site  369, 
Lancelot,  Seibold  et  at.,  1978),  southern  France 
and  England  (Schlanger  and  Jenkyns,  1976),  and  in 
Venezuela  (Miller  et  at.  ,  1958)  and  Columbia 
(Morales  et  al. ,  1958) .  In  the  western  North 
Atlantic,  the  entire  basin  below  about  32C0  m  was 
intermittently  anoxic  (Figure  23). 

The  development  of  the  black  clays  has  been 
interpreted  to  result  from  a  highly  stratified 
water  column,  with  stagnant  or  oxygen-depleted 
deep  water  overlain  by  oxygenated  and  circulating 
water  (Schlanger  and  Jenkyns,  1976;  Jansa  et  at., 
1978;  Tucholke  and  Vogt,  1979).  Oxygenated  shallow 
water  is  indicated  by  deposition  of  light-colored 
Aptian-Albian  nannofossil  oozes  at  Sites  390  and 
392  on  the  Blake  Nose  (Benson,  Sheridan  et  al. , 
1978).  Sediments  deposited  on  the  continental 
shelves  during  the  'black  clay  event'  also  show 
normally  oxygenated  and  current-influenced  envi¬ 
ronments  (Jansa  and  Wade,  1975a;  Suith,  et  al. , 
1976).  Indeed,  coral-rudist  reefs  appear  to  have 
flourished  along  the  North  American  continental 
margin  during  this  period  (Douglas  et  al. , 

1973).  The  interbedding  of  lighter,  burrowed 
sediments  in  the  Hatteras  Formation  shows  that  the 
anoxic  conditions  were  intermittently  destroyed 
and  the  deep-basin  bottom  water  oxygenated. 

Tucholke  and  Vogt  (1979)  suggest  that  the 
confinement  of  thick  black-clay  facies  to  the 
Atlantic  basins,  the  Caribbean,  and  the  Indian 
Ocean  indicate  that  circum-basin  barriers  to  deep 
flow  were  responsible  for  the  stagnation.  Another 
hypothesis  was  proposed  by  Dean  et  al.  (1978),  who 
considered  that  the  black  clays  were  diagenetic 
facies  and  that  reducing  conditions  developed 
within  the  sediment  as  a  result  of  increased 
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organic  productivity  and  subsequent  decay  of 
organic  matter  in  the  sediment.  The  reducing 
conditions  may  hate  extended  above  the  water- 
sediment  interface,  as  indicated  by  the  lack  of 
bioturbation  in  black  clays. 

The  conditions  which  caused  the  black  clays  to 
be  deposited  were  geologically  rapid  but  not 
catastrophic,  as  is  indicated  by  the  commonly 
transitional  contact  between  the  Blake-Bahama  and 
Hatteras  Formations.  The  rise  of  the  CCD  at  the 
onset  of  deposition  of  the  Hatteras  Formation 
(Figure  23)  may  have  resulted  from  decreased 
productivity  of  skeletal  carbonate  with  resulting 
depletion  of  calcium  carbonate  in  the  bottom 
water,  or  from  the  development  of  acidic,  stagnant 
bottom  water.  Sediment  accumulation  rates  of  3  to 
5  m/m.y.  characterize  the  deep-basin  sites,  but 
higher  rates  of  12  to  19  m/m.y.  occur  at  Sites  101 
and  391  near  the  continental  margin  and  at  Site 
386  where  local  turbidites  filled  the  paleo-ridge- 
flank  fracture  valley. 

Identifying  features.  The  black  and  dark  grey 
or  greenish-grey  colors,  clayey  composition,  lack 
of  bioturbation  in  the  black  beds,  presence  of 
carbonaceous  debris  and  usual  absence  of  biogenic 
carbonate  are  the  distinctive  features  of  the 
Hatteras  Formation. 

Correlation  with  Other  Units.  The  period  of 
deep-sea  black  clay  deposition  corresponds  to  a 
period  of  transgression  on  the  North  American 
continental  margin.  On  the  Scotian  Shelf  clastic 
rocks  of  Upper  Missisauga  to  Logan  Canyon  Forma¬ 
tions  enclosing  numerous  coal  beds  were  deposited 
in  a  deltaic  and  shallow  open  shelf  environment 
(Jansa  and  Wade,  1975a).  Similar  transgressive 
marginal-marine  clastic  sequences  were  penetrated 


by  the  Esso  Standard  Hatteras  'g,.t  Well  No.  1  on 
Cape  Hatteras,  North  Carolina,  (Swain,  1952)  and 
by  the  COST  B-2  well  located  in  the  Baltimore 
Canyon  Trough  (Smith  et  at. ,  1976) .  All  these 
sequences  are  characterized  by  the  presence  of 
coal  seams  and  coalified  plant  debris,  enclosed  in 
sandstones  and  shales,  but  the  bottom  conditions 
were  generally  oxygenated.  Even  though  the  shelf 
sediments  contain  a  high  organic  matter  content, 
they  cannot  be  correlated  with  the  deep-sea  black 
clay  facies  on  iithologic  criteria. 

Plantagenet  Formation 

Varicoloured,  locally  zeolitic,  nonculcareous 
claystone  forms  a  thin  but  widespread  unit  which 
overlies  the  black  claystone  of  the  Hatteras 
Formation  throughout  the  central  part  of  tne  North 
American  Basin.  We  propose  the  name  Plantagenet 
Formation  fcr  the  variegated  claystone.  Planta¬ 
genet  Bank,  the  southwestern  lobe  of  the  Bermuda 
pedestal,  is  located  near  the  type  locality  at 
Site  386  (Table  1,  Figure  1).  Deposition  at  this 
site  appears  to  have  been  continuous  across  the 
upper  boundary  of  the  formation  in  contrast  to  a 
widespread  unconformity  present  at  many  other 
^ites. 

The  regional  significance  of  the  varicolored 
zeolitic  clays  was  recognized  by  Lancelot  et  al. 
(1972),  uio  described  the  unit  as  "Upper  Creta¬ 
ceous  to  tower  Tertiary  (?)  multicolored  clays". 

A  thin  calcareous  unit  near  the  top  of  the  varie¬ 
gated  claystone  is  described  separately  as  a 
member  of  the  Plantagenet  Formation. 

Type  Locality.  At  Site  386,  the  type  locality, 
92.3  m  of  the  claystone  is  characterized  by  dusky 
yellowish-brown  (10YR2/2),  moderate  browr  (5YR4/4), 


Figure  11.  Hatteras  and  Plantagenet  Formations. 

A.  Black  (N  1),  zeolitic,  silty  claystone,  with  occasional  thin  silt 
laminae,  but  mostly  massive.  Hatteras  Formation  (Leg  11-105-15:6, 

99-113  cm). 

B.  Hatteras  Formation  claystone  rich  in  organic  matter.  Organic 
particles  are  lipids,  brownish,  elliptical,  and  circular  in  shape 
and  8  pm  in  average  diameter  (thin  section,  ordinary  light,  scale 
bar  =  100  pm)  (Leg  11-105-16:1,  75  cm). 

C.  Zeolitic  silty  claystone  of  the  Hatteras  Formation.  Clay  with  pods 
of  quartz  silt,  minor  zeolites  (Z),  and  mica;  pyrite,  organic  debris 
occur  in  traces  (thin  section,  ordinary  light,  scale  bar  =  100  pm, 

Leg  11-105-11:1,  101  cm). 

D.  Zeolitic  claystone  of  the  Plantagenet  Formation,  very  finely  lam¬ 
inated  with  irregularly  banded  dusky  yellowish-brown  (10  YR  2/2), 
and  moderate  brown  (10  YR  4/4)  colors.  Note  dark  color  cutting 
across  laminae  at  56  and  63  cm  (Leg  43-386-38:4,  43-73  cm). 

E.  Bluish-white  (5B  9/1)  and  light  greenish-grey  (5G  8/1)  limestone  of 
the  Crescent  Peaks  Member  in  contact  with  overlying  dusky  red  (10R 
3/5)  claystone  of  the  Plantagenet  Formation  (Leg  43-386-35:4,  1-23  cm). 

F.  Scanning  electron  micrograph  of  claystone  from  the  Plantagenet 
Formation  (Leg  43-386-35:2,  98  cm).  Note  dominantly  clay  composi- 

'  tion  and  strong  lineat-ion  of  clay  particles.  Scale  bar  30  pm. 

G.  Scanning  electron  micrograph  of  chalk  from  the  Crescent  Peaks  Mem- 
ber  (Leg  43-385-13:2,  53  cm).  In  contrast  to  photograph  (F),  sedi- 
ment  is  dominated  by  nannofossils,  some  of  which  are  well  preserved. 

Note  high  interparticie  porosity.  Scale  bar  10  pm. 
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Figure  12.  Boreholes  that  have  cored  sediments  of  the  Plantagenet  Formation  and 
Crescent  Peaks  Member.  Italicized  numbers  show  thickness  of  Crescent 
Peaks  (metres).  Thicknesses  in  parenthesis  are  of  Plantagenet  Formation. 
Seismic  Horizon  A*  (top  of  Crescent  Peaks  Member)  and  approximate  eastern 
limit  of  the  formation  adopted  from  Tucholke  and  Mountain  (1979). 


and  dusky  dark  red  (10R315)  colors,  with  some 
light  greenish-grey  (5G8/1)  beds  a  few  cent-wtres 
to  decimetres  in  thickness  (Figure  11D).  The 
sequence  consists  of  a  reddish-brown  interval  with 
increasing  green-grey  intercalations  in  the  lower 
part  (cores  41,  40),  a  variegated  reddish  interval 
in  cores  39  and  38,  and  a  reddish-brown  interval 
(cores  36  to  35).  Zeolites  (clinoptilolite, 
phillipsitc)  form  6  to  20%  of  the  sediment  in  the 
central,  variegated  section;  the  remaining  com¬ 
ponents  are  clays  (illite  and : montmorillonite,  60 
to  80%)  and,  in  order  of  decreasing  abundance, 
quartz,  disordered  cristobalite,  and* feldspars 
(Table  10).  'Iron  and  manganese  oxides  including 
micronodules,  and  traces  of  siderite  (?)  are 
observed  in  smear  slides.  The  upper- and  lower 
reddish  claystones  differ  in  that  they  contain 
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only  traces  of  zeolites  and  altered  ash,  and  they 
have  5  to  15%  chlorite  and  kaolinite.  Rare  primi¬ 
tive  agglutinated  foraminifera  and  poorly  pre¬ 
served  radiolarians  also  are  present.  Thin, 
irregular  lamination  is  the  only  sedimentary 
structure  in  this  formation.  The  upper  part  of 
the  formation  contains  a  distinctive  calcareous 
unit  (in- Core  35,  Crescent  Peaks  Member;  Figure 
HE),  described  later. 

Contacts.  The  Plantagenet  Formation  overlies 
the  black  clays  of  the  Hatteras  Formation  in  a 
transitional  zone  of  interlaminated  red  and  green- 
grey  claystones  a  few  meters  thick.  At  the  type 
locality,  -the  lower  contact  of  the  Plantagenet 
Formation  is  defined  at  the  uppermost  occurrence 
of- ''dominantly  green-grey  and  black  beds,  although 
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occasional  reddish  colors  recur  deeper  in  the 
Hatteras  Formation.  The  contact  also  marks  a 
downward  change  in  mineralogy  to  more  quartz-rich 
sediment  with  less  clay,  consisting  entirely  of 
illite  and  montmorillonite. 

The  upper  contact  at  Site  386  occurs  in  a  19  m 
uncored  interval  below  siliceous  claystones  of  the 
overlying  Bermuda  Rise  Formation.  Low  accumu¬ 
lation  rates  of  2  to  3  m/m.y.,  calculated  for  this 
interval,  suggest  that  the  pelagic  red  clays  of 
the  Plantagenet  Formation  comprise  most  of  the 
uncored  interval. 

The  contact  of  the  Plantagenet  Formation  with 
the  overlying  Bermuda  Rise  Formation  has  been 
cored  at  two  other  sites,  385  and  387  (Figure  24). 
At  Site  385  the  contact  is  placed  at  165  m  sub¬ 
bottom  (between  cores  6  and  7)  where  there  is  a 
sharp  compositional  change  from  Plantagenet  clays 
rich  in  zeolites  with  palagonite  and  amorphous 
iron-oxides,  to  the  overlying  siliceous,  cherty 
Bermuda  Rise  Formation.  The  color  change  is  not 
sharp;  the  upper  part  of  the  Plantagenet  Formation 
at  Site  385  is  yellow-brown,  brown  and  green-grey 
and  is  locally  silty. 

At  Site  387  the  contact  is  very  gradational 
between  376.6  m  and  444.2  m  subbottom  (Figure  24). 
Red-brown  and  greenish  variegated  clays  are  found 
as  shallow  as  377  m,  but  cherty  siliceous  sedi¬ 
ments  of  the  overlying  Bermuda  Rise  Formation 


persist  as  deep  as  413  m  subbottom.  Picking  the 
upper  boundary  on  color  alone  is  also  complicated 
by  the  fact  that  black  clays  similar  to  the 
Hatteras  Formation  recur  in  this  interval. 

At  Sites  385  and  387,  the  Plantagenet  Formation 
above  the  Crescent  Peak  Member  has  very  little 
kaolinite  (<5%)  or  chlorite.  This  mineralogy  may 
be  characteristic  of  the  Lop  of  the  Plantagenet 
Formation,  up  to  19  m  of  which  was  uncored  at  the 
Site  386  type  locality. 

An  alternative  is  that  the  sequence  above  the 
Crescent  Peak  Member  at  Sites  385  and  387  repre¬ 
sents  a  separate  lithologic  unit  from  the  Planta¬ 
genet  Formation  as  suggested  by  changes  in  color 
and  sediment  composition.  With  presently  avail¬ 
able  data,  we  cannot  satisfactorily  resolve  this 
question. 

Regional  Aspects.  Variegated  claystones  were 
penetrated  in  seven  other  sites  on  the  Bermuda 
Rise  (Sites  7A,  9A,  387),  New  England  Seamounts 
(382,  385),  lower  continental  rise  (105),  Blake- 
Bahama  Basin  (391A,C),  and  perhaps  on  the  Greater 
Antilles  Outer  Ridge  (28)  where  a  few  fragments  of 
red  and  variegated  claystones  were  recovered 
(Table  9,  Figures  12,  24).  Composition  of  the 
claystones  is  variable.  For  example,  zeolites  are 
not  reported  from  Sites  7A,  387  and  391  (Table 
10) .  Clay  minerals  comprise  the  bulk  of  most 


TABLE  9.  GEOGRAPHIC  DISTRIBUTION  OF  THE  PLANTAGENET  FORMATION  IN  THE  NORTH  AMERICAN  BASIN 


Region 

DSDF 

Leg 

Location 

Site 

Top 

m* 

Core 

m* 

Base  ^ 

Core 

Thickness 

(n) 

Age 

Position 

Bermuda  Rise 

43 

386+ 

611.9-632.0 
15394.9  -5415] 

between 

34  6  35 

724.3 

41:5,80 

92.3- 

112.0 

Paleocene- 

Cenomanian 

31*17. 2,N,64*14.9,W 

Bermuda  Rise 

1 

7 

236-278 
(5421  -  -5463] 

between 

2  &  2A** 

(296  TD) 

3A 

18-60 

(undated, 

pre-Eocene) 

30*08. 0’N, 68*17, 8‘W 

Bermuda  Rise 

2 

9 

682-765** 
[5663  -  -5746] 

between 

1A  &  3A 

834B 

between 

5A  &  6A 

69 

"Cretaceous"- 

Campanian 

32*46. 4'N,59°11.7’W 

Lower  Conti¬ 
nental  Rise 

11 

105 

193-241 
[5444  -  -5492] 

between 

4  &  5 

290.1 

9:3,110 

49-97 

Tertiary?- 
overlies  late 
Cen't.aanian 

34*53. 7'Ii,69*10.4’W 

Kashville 

Seamount 

43 

382 

352 

[-5879] 

15:5,10 

385.3 

19:2,54 

0.33 

Campanian 

34  *25. 0*  N,  56*32. 3*  W 

Vogel  Seamount 

43 

385 

165 

(-5121) 

between 

6  &  7 

283 

16:3,146 

118 

early 

Paleecene- 

Coniacian? 

37*22. 2'N, 60*09. 5'W 

Bermuda  Rise 

43 

387 

376.6-444.2 
[-5494.6  -5562.2] 

23:2,82 

through 

27:2,148*** 

478.4- 

488.5 

between 

29  &  30 

•vl03 

overlies 
early  Eocene- 
Cenomanian 

32*19. 2,N,67°40.0'W 

Blake-Bahama 

44 

391 

649 

[-5613] 

21A. 

691.5 

6C:3 

42.5 

overlies 

Cenomanian 

28*13. 7'N, 75*36. 9’W 

*  Metres  below  sea  floor.  Range  in  values  denotes  Interval  without  coring  or  recovery. 

(]  Depth  below  sea  level  in  square  brackets. 

***  Transitional'  boundary . 

TO  Denotes:  total  depth  penetrated; bottom of- the  formation  was  not  cored. 

B  Indicates: that  the  formation  rests.directiy  on  basement. 

S  Corelbcation  given  by:  core  number:sectldn, depth  in  centimetres. 

**  Core  2A  appears  to  contain  downhole  corings  (core  catcher  contains  Upper  Cretaceous  microfauna) • 
+  Type  locality.  -  * 
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samples  and  kaolinite  and  chlorite  are  more  abun¬ 
dant  than  in  the  Hatteras  Formation.  Manganese 
micronodules  are  present  in  some  claystone  beds 
from  the  upper  part  of  the  formation  at  Sites  7A 
and  9A.  Volcanic  glass  is  uncommon  in  claystones 
at  Site  387,  but  is  a  persistent,  minor  component 
at  Sites  382,  385,  and  386  which  contain  volcani- 
clastic  detritus  derived  from  the  New  England 
Seamounts.  Volcanic  glass  and  shelf-derived 
quartz  silt  also  form  some  laminae  in  the  varie¬ 
gated  clays  in  the  Blake-Bahama  Basin  (Site  391C). 
Limonite  (?Fe-Mn)  nodules  are  also  present  at  Site 
391A  in  the  uppermost  part  of  the  formation  (core 
21).  On  the  lower  continental  rise  (Site  105)  the 
claystones  display  color  variations  with  bands  of 
pale  brown,  red,  white,  yellow,  orange,  pink, 
reddish-brown,  purplish,  black,  and  pale  green. 
These  claystones  are  composed  of  montmorillonite, 
mica,  and  kaolinite.  Zeolites,  principally 
clinoptilolite,  with  minor  heulandite(?)  and 
phillipsite  are  present  in  the  upper  part  of  the 
formation;  quartz  is  common,  and  feldspars  are  a 
minor  constituent.  A  striking  feature  of  the 
Plantagenet  Formation  at  Site  105  is  enrichment  of 
the  heavy  metals,  Mn,  Zn,  Cu,  Pb,  Cr,  Ni,  and  V 
(Lancelot  et  al. ,  1972).  The  resultant  mineral 
assemblage  includes  sphalerite  and  todorikite  (Mn- 
oxide)  along  with  a  variety  of  iron  minerals 
(pyrite,  siderite,  goethite,  hematite,  and  iron 
montmorillonite).  The  Plantagenet  Formation  is 
almost  completely  devoid  of  fossils  at  all  sites, 
with  only  occasional  traces  of  primitive  agglu¬ 
tinated  foraminifera,  radiolaria,  and  phosphatic 
fish  debris.  Nannoplankton  are  only  locally 
common  (Sites  386,  387). 

At  all  sites  where  the  Plantagenet  Formation  was 
completely  penetrated  by  drilling,  it  is  underlain 
by  the  black  claystones  of  the  Hatteras  Formation 
or  by  basaltic  basement.  The  boundary  normally  is 
transitional  over  a  few  decimetres  to  a  few  metres. 
Thin  beds  of  variegated  nonzeolitic  clays  similar 
in  color  to  the  Plantagenet  Formation  are  locally 
interbedded  in  the  middle  part  of  the  Hatteras 
Formation  at  Sites  391C  (Core  10)  and  386  (Core 
46). 

The  Plantagenet  Formation  is  overlain  by  chert 
and  siliceous  clays  of  the  Bermuda  Rise  Formation 
at  Sites  7A,  9,  28,  385,  386,  and  387,  and  it  is 

truncated  by  an  erosional  unconformity  at  Sites 
105,  382  and  391C  (Figure  24). 

The  Plantagenet  facies  at  Sites  382  and  385  are 
unusual  as  they  contain  volcaniclastic  debris  up 
to  sand  size  emplaced  during  the  construction  and 
weathering  of  Nashville  and  Vogel  Seamounts, 
respectively  (Tucholke,  Vogt  et  al; ,  1979).  At 
both  sites  we  consider  the  base  of  the  Plantagenet 
Formation  to  lie  at  the  first  downhole  occurrence 
of  coarse  basaltic  breccia. 

Acoustic  Character.  The  base  of  the  Plantagenet 
Formation  -is  not  marked  by  a  well  defined  reflec¬ 
tor  (Figure  17).  The  upper  contact  with  the 
Bermuda  Rise  Formation  - corresponds  approximately 
to  the  seismic  transition- from  ah  acoustically 


nonlaminated  (Plantagenet)  to  an  acoustically 
laminated  sequence  of  cherty  sediments  in  the 
Bermuda  Rise  Formation,  but  this  correlation  is 
not  always  observed.  Nearer  the  continental 
margin,  at  Sites  105  and  391C,  the  erosional 
unconformity  at  the  top  of  the  Plantagenet  for¬ 
mation  is  a  well  defined  reflector.  Horizon  A 
(Tucholke,  1979).  Within  the  Plantagenet  Forma¬ 
tion,  the  top  of  the  Crescent  Peaks  Member  corre¬ 
lates  with  Horizon  A*  (discussed  below).  Sound 
velocities  in  the  Plantagenet  Formation  are 
similar  to  those  in  the  Hatteras  Formation,  as 
noted  earlier. 

Age.  Despite  a  general  lack  of  fossils  in  the 
variegated  claystone,  several  approximate  age 
determinations  are  now  available.  At  the  Site  386 
type  locality.  Middle  Paleocene  nannoflora  overlie 
Maastrichtian  sediments  at  the  top  of  the  forma¬ 
tion  (core  35).  The  sediments  near  the  base  of 
the  formation  (core  44)  are  Cenomanian  in  age 
(Figure  13).  At  Site  387  (Figure  14)  the  upper 
transitional  interval  above  the  carbonate  member 
contains  nannofossils  of  Early  Eocene  (core  23) 
and  Paleocene  (cores  24  to  26)  age.  The  lower 
part  of  the  formation  overlies  Cenomanian  beds  and 
contains  a  Campanian-Maastrichtian  nannoflora. 

The  interval  above  the  carbonate  member  at  Site 
385,  tentatively  assigned  to  the  Plantagenet 
Formation  (cores  7  to  11),  contains  an  Early 
Paleocene  nannoflora  at  the  base.  At  Site  105  a 
speculative  Tertiary  age  (Figure  7)  from  dino- 
flagellates  for  the  upper  part  of  the  formation 
may  result  from  downhole  contamination.  At 
Site  391C  the  uppermost  core  in  the  formation  is 
unfossiliferous,  but  the  underlying  core  4C  con¬ 
tains  palynomorphs  not  younger  than  Campanian 
(G.  Williams,  pers.  comm.).  The  base  of  the 
Plantagenet  Formation  at  this  site  overlies  beds 
dated  Cenomanian  (G.  Williams,  pers.  comm.; 

Figure  9). 

Depositional  Environment .  The  Plantagenet 
Formation  is  a  pelagic  deposit  which  accumulated 
in  an  oxygenated  environment,  in  contrast  to  the 
underlying  Hatteras  clays.  Accumulation  rates 
were  very  low  (less  than  a  few  metres  per  million 
years),  although  local  abundance  of  kaolinite  and 
chlorite  suggests  some  terrigenous  influence  even 
on  the  Bermuda  Rise.  The  lack  of  calcareous 
fossils  indicates  deposition  below  the  CCD  and  the 
paucity  of  siliceous  microfossils  also  suggests 
minimal  surface  productivity.  Compositionally, 
the  Plantagenet  clays  are  very  similar  to  the  mid¬ 
plate,  mid-gyre  'red  clays'  presently  being 
deposited  in  the  North  Pacific  but  differ  in 
having  greater  concentrations  of  metallic  ions. 

The  minerals  formed  in  these  clays  at  Site  105 
prompted  Lancelot  et  at.  (1972)  to  compare  the 
Plantagenet  clays  with  the  Red  Sea  brine  deposits 
and  speculate  that  the  enrichment  f.n  metallic  ions 
was  due  to  volcanic  hydrothermal  exhalations. 
However,  the  formation  at  most  sites  is  not-  near 
any  recognized  spreading  centre  of  active  rift, 

JANSA  29 


! 

!  i 

I 

i 

f 


%*\A\ 


l WIT  CtftOHMIUl 
ttgUti] 


UU  CfsCMAMM 


twtT  c(mxm;m 


wmi  BJSSTMTIMVkt  9f  Mt  «>.  SIJC  J».  WWW  »W. 


Figure  13.  Multiple  biostratigraphy  of  Site  386  located  on  3ermuda  Rise. 


and  the  widespread  distribution  of  the  formation 
as  now  recognized  makes  this  comparison  even  less 
persuasive.  An  alternative  explanation  by  Arthur 
(197d)  that  enrichment  of  metallic  ions  was 
caused  by  upward  diffusion  and  dewatering  of  the 
thick  underlying  black  clays.  The  very  long  time 
interval,  perhaps  30  m.y.,  represented  by  this 
relatively  thin  unit  also  suggests  that  the 
Plantagenet  Formation  either  represents  an 
extremely  condensed- sequence  or  includes  unde¬ 
tected:  hiatuses.  Thus. submarine  weathering -may 
have  played  a  role  in  the  removal  of  fossils,  the 
oxidation  of iron,  and  the  concentration  of  heavy 
metals.  The  local  abundance  of  zeolites  and 
occurrence  of  volcanic  ash  could  be  related  to  the 
volcanic  activity  of  the  Kelvin  Seamcunt  chain. 

30  JANSA 


Near  the  seamounts  the  Platagenet  Formation 
probably  intertongues  with  coarse  volcaniclastic 
debris  as  suggested  by  Sites  382  and  385  (Figure 
24). 

Identifying  features.  The  variegated  colors, 
clayey  and  locally  zeolitic  composition,  lack  of. 
biogenic  carbonate,  low  accumulation  rates  and 
presence  of  seismic  Horizon  A*  in  the  upper  part 
of  the  unit  are  distinctive  features  of  the 
Plantagenet  Formation. 

Correlation  with  Other  Units.  No  lithologic 
unit  similar  to  the  Plantagenet  Formation  is  known 
on  the  North  American  margin.  Synchronous, 
greenish-grey,  calcareous  glauconitic  claystones 
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and  rare  sandstones  were  deposited  on  the  North 
American  margin  in  a  shallow  to  moderately  deep 
shelf  environment  (Jansa  and  Wade,  1975a;  Smith 
et  al. ,  1977).  The  Plantagenet  Formation  also 
lacks  a  well  defined  counterpart  in  the  eastern 
North  Atlantic,  where  mainly  greenish-grey  clays 
and  marls  were  widespread  at  approximately  the 
same  time  (Lancelot,  Siebold  et  al . ,  1978). 
Exceptions  are  in  the  Cape  Verde  Basin,  Site  367 
(Jansa  et  al. ,  1978),  and  west  of  the  Iberian 
Peninsula,  Site  398  (Ryan,  Sibuet  et  al. ,  1976) 
where  Upper  Cretaceous  variegated  claystones 
similar  to  the  Plantagenet  Formation  occur.  The 
influence  of  highly  oxygenated  waters  on  sedi¬ 
mentation  extended  into  the  Tethys  region,  as 
suggested  by  the  presence  of  Upper  Cretaceous 
reddish  marls  and  clays  exposed  in  the  Bettic 
Cordillera  and  Lombardy  Basin  in  Italy  (Jansa,  in 
press) . 

Crescent  Peaks  Member 

A  relatively  thin  but  lithologically  conspicuous 
unit  of  nannofossil  chalks,  marls,  and  limestones 
in  the  upper  part  of  the  Plantagenet  Formation  is 
named  the  Crescent  Peaks  Member.  The  name  is 
derived  from  a  series  of  basement  peaks  west  of 
Bermuda  that  were  originally  named  by  Keezen 
et  al.  (1959;  Figure  1).  The  type  locality  is  at 
Site  387  (Table  11,  Figure  12)  where  25.2  m  of 
homogeneous,  moderate  olive  to  light  olive-grey 
marly  chalk  is  intercalated  with  subsidiary 
calcareous  claystone  (Figure  HE).  The  chalk  is 
composed  of  micritic  carbonate  (42%)  including 
nannofossils  (10%),  and  foraminifera  (2%);  other 
constituents  being  montmorillonite,  mica,  minor 
kaolinite,  chlorite  and  quartz  (Table  12).  The 
contact  with  the  underlying  red-brown  and  green- 
grey  claystone  was  not  recovered,  although  coring 
was  continuous:  the  contact  probably  is  sharp  like 
the  upper  contact  with  dark  greenish-grey  clay¬ 
stone  (Figure  11E). 

Regional  Aspects.  Comparable  carbonates  were 
recovered  at  Sites  385  at  Vogel  Seamount  and  386 
on  the  Bermuda  Rise  (Figure  12,  Table  11).  At 


Site  386  light  greenish-grey,  laminated  marly 
limestone  2.4  in  thick  is  enclosed  by  sharp  con¬ 
tacts  within  reddish  claystones  of  the  Plantagenet 
Formation.  At  Site  385,  36  to  46  m  of  light 
greenish-grey  marly  nannofossil  ooze  is  Inter¬ 
calated  with  a  few  beds  of  calcareous  silty  clay 
containing  volcanic  glass  and  zeolites.  The  unit 
is  underlain  by  yellowish-red  clay  with  interbeds 
of  greenish-grey  vitritic  clay  but  the  contact  was 
not  cored.  It  is  overlain  by  brownish-grey 
zeolitic  clay,  with  a  sharp  burrow-mottled  con¬ 
tact. 

Since  deposit  ion  of  the  Crescent  Peaks  Member 
probably  indicates  regional  depression  of  the  CCD 
(see  Depositional  Environment)  the  unit  may  be 
correlative  with  thicker  ridge-flank  carbonates 
cored  at  Site  10  (Figures  1,  22).  The  intervening 
Site  9  did  not  recover  carbonates  correlative  with 
the  Crescent  Peaks  Member,  but  there  was  a  75  m 
coring  gap  at  the  appropriate  level  (Figure  24). 
Seismic  mapping  of  Horizon  A*  (see  below)  suggests 
that  the  Crescent  Peaks  Member  extends  over  Meso¬ 
zoic  crust  in  the  entire  basin  to  paleodepths  of 
approximately  5300  m. 

Acoustic  Character.  The  top  of  the  Crescent 
Peaks  Member  appears  to  correlate  with  seismic 
Horizon  A*  on  the  Bermuda  Rise  (Figure  17; 
Tucholke,  Vogt  et  al. ,  1978),  but  the  reflector  is 
not  clearly  indicated  in  the  seismic  section  at 
Site  385.  Horizon  A*  merges  with  o-  closely 
underlies  the  Horizon  A°  unconformity  at  Site  105; 
if  present  at  Site  105,  the  Crescent  Peaks  Member 
may  have  been  missed  in  a  49  m  uncored  interval 
above  the  highest  Plantagenet  clays  recovered  in 
core  5. 

The  limits  of  distribution  of  Horizon  A* 

(Figure  12)  probably  indicate  lateral  facies 
changes  in  the  sedimentary  section  (Tucholke, 
1979).  To  the  west.  Horizon  A*  becomes  weaker  and 
is  difficult  to  trace  within  a  thick  series  of 
continental  margin  reflectors.  These  reflectors 
may  represent  pregradation  of  continental  margin 
turbidites  and  fans  in  the  Late  Cretaceous  and 

Earlv  Cenozoic.  Horizon  A*  is  truncated  by  the 

V 

erosional  unconformity  marked  by  Horizon  A  , 


TABLE  U.  GEOGRAPHIC  DISTRIBUTION  OF  THE  CRESCENT  PEAKS  MEMBER  OF  THE  PLANTAGENET  FORMATION 
IS  THE  NORTH  AMERICAN  BASIS 


Regicn  DSD?  Location 


Thickness  Age 


Leg 

Sit-? 

a* 

Core 

a* 

Core 

(a) 

Berouda  Rise 

43 

387* 

444.2 

[-5562.2] 

27:2,148 

469.4 

28:1.150 

25.2 

Late-Middle 

Maaatrichtian 

Vogel 

Seaaount 

43 

385 

205.8 

1-5161.8] 

11:2,125 

241 

through 

251 

between 

13  5  14 

36.2-46.2 

Earl/  Paleoccne- 
Middle 

Maastricht Ian 

Bermuda  Rise 

1  * 

386 

636.6 

[-3413.6] 

35:4,15 

639 

35:5,100 

2.4 

Middle 

Maastrichtian 

♦  Type  locality. 

*  Metres  beiqw- sea  floor.  Range  in  .values  denotes  interval  without  coring  or  recovery. 

U  Depth  below  s«. -level  in. squire  brackets. 


Jansa 


. .  a.  .i,  . 


TABLE  12.  CHARACTERISTICS  OF  THE  CRESCENT  PEAKS  MEMBER* 


Region 

Leg 

Site 

Carbon/Carborite 

MlneraloRv 

(X-ray  Diffraction) 

Porosity 

N 

CaC03  Organic 

N 

Quart2 

(bulk 

sample) 

Feldspar 

Carbonate 

Mica 

Chlorite 

Montaor- 

illonite 

Zeolite 

N 

% 

Bermuda  Rise 

43 

387+ 

3 

42.0 

2b 

6.5 

0 

45.0 

16.4 

3.3 

23.9 

0 

2 

43.5 

*1.73 

*0.7 

±7.1 

±2.7 

±3.5 

±15.9 

±0.2 

Vogel 

43 

385 

3 

42.33  0.08 

3b 

14.0 

3.0 

29.7 

20.9 

5.0 

13.8 

0.3 

3 

52.1 

Seamount 

±4.93 

±3.4 

0 

±6.5 

±3.9 

♦1.4 

±3.0 

±0.6 

±3.3 

'.eriruda  Rise 

43 

386 

1 

57.0 

2o 

14.5 

3.0 

5.5 

40.6 

7.7 

18.4 

0 

1 

22.7 

±0.7 

o 

±7.8 

*1.2 

±0.8 

±6.9 

b  analysis  of  bulk  samples 

*  no  grain  size  data  available 

+  type  locality 


beneath  the  continental  margin  south  of  Cape 
Hatteras  (Tucholke  and  Mountain,  1979).  Horizon 
A*  also  disappears  toward  the  east  on  the  Bermuda 
Rise,  probably  because  the  clay /carbonate  impe¬ 
dance  contrast  creating  the  reflector  is  lost  in 
the  ridge-flank  carbonate  province. 

Age.  Well  preserved  nannofossils  and  foram- 
inifera  indicate  a  Middle  to  Late  Maastrichtian 
age  for  the  unit  at  Sites  386  and  387  and  a 
Middle  Maastrichtian  to  earl..,st  Paleocene  age  at 
Site  385  (Okada  and  Theirstein,  1979). 

Depositional  Environment .  ,The  composition  and 
homogeneity  of  .a  Crescent  Peaks  Member  indicate 
pelagic  deposition  in  a  quiescent,  oxygenated 
environment  above  the  CCD  (Figure  23) .  The  cause 
of  the  sharp  depression  and  subsequent  rise  of  the 
CCD  in  the  Maastrichtian  is  uncertain  but  may 
refl  :  dramatically  increased  upwelling  and 
productivity  in  response  to  changing  surface 
circulation  patterns. 

Correlation  with  Other  Units.  The  Crescent 
Peaks  Member  is  approximately  correlative  with  a 
lithologically  Identical  foraminifera) -nannofossil 
chalk  (the  Wyandot  Formation)  on  the  Scotian  Shelf 
and  Grand  Banks  (Mclver,  1972).  The  Wyandot  Chalk 
is  associated  with  the  maximum  Late  Cretaceous 
transgression  and  with  a  sharp  decrease  of 
terrigenous-sediment  input  to  the  shelf  (Jansa  and 
Wade,  1975a, b).  Synchronous  chalk  deposition 
occurred  on  the  coastal  plain  in  central  Alabama 
(Prairie  Bluff  Formation,  Copeland,  1969) .  In 
DSDP  boreholes,  chalks  of  this  age  also  occur  at 
Site  4A  near  Cat  Gap,  and  nannofossil  ooze  at 
Site  390A  on  the  Blake  Nose,  Site  384  on  the  J- 
Anomaly  Ridge  and  Site  10  on  the  mid-ocean  ridge 
flank.  These  occurrences  indicate  very  widespread 
chalk  deposition  in  the  latest  Cretaceous.  The 
chalk  on  the  Scotian  Shelf  forms  a  strong  seismic 
reflector  which  can  be  followed  across  the  shelf 
and  down  the  continental  slope  (Jansa  and  Wade, 
1975a)  to  the  deep  basin.  Although  seismic  con¬ 
tinuity  has  not  been  demonstrated,  it  is  possible 


that  this  reflector  will  prove  to  be  correlative 
with  Horizon  A*. 

Bermuda  Rise  Formation 

The  Bermuda  Rise  Formation  is  a  suite  of  sedi¬ 
ments  enriched  in  biogenic  silica  and  chert, 
generally  Early  Eocene  in  age  but  ranging  from 
Paleocene  to  early  Middle  Eocene.  The  common 
occurrence  of  chert  within  this  formation  makes  it 
one  of  the  most  readily  correlatable  units  litho¬ 
logically  and  seismically  in  the  North  American 
Basin,  but  the  most  difficult  to  core.  The  name 
is  taken  from  the  Bermuda  Rise,  site  of  the  type 
locality,  where  the  formation  is  particularly 
thick  and  readily  traceable  seismically. 

Type  Locality.  Site  387  is  designated  as  the 
type  locality  (Tables  1,  2,  13,  and  Figure  15). 
Here  the  formation  is  about  200  m  thick  and  con¬ 
sists  of  chert,  silicified  claystone,  radiolarian 
mudstone,  and  calcareous  mudstone.  The  claystone 
and  chert  are  greenish-grey  (5V4/2)  to  olive-grey 
(5G5/1);  the  radiolarian  mudstone  and  nannofossil- 
rich  claystones  are  somewhat  lighter.  The  chert 
consists  largely  of  porcelanite.  The  content  of 
siliceous  organisms,  particularly  radiolarians,  ?s 
high  (Table  15).  Other  constituents  are  mont- 
morillonitt,  mica,  catbonate,  quartz,  feldspars, 
zeolites  and  up  to  18%  of  cristobalite  (Table  14). 

At  Site  387  primary  sedimentary  structures  and 
compositional  variations  define  eyelet  that  are 
reminiscent  of  Bouna  sequences  (McCave,  1979). 

The  base  oi  each  cycle  generally  is  sharp  and 
consi:..s  of  (1)  a  relatively  coarse-grained, 
structarele  ■  unit  of  sponge  spicules  and  large 
radiolaria  followed  by  (2)  a  laminated  radio¬ 
larian  raid  inter /al,  (3)  a  structureless  interval 
enriched  in  carbonate  (nannofossils  or  micrite), 
and  (4)  a  light-colored  mottled  interval  which 
grades  into  (5)  a  darker  mottled  radiolarian  mud 
interval.  Chert  generally  is  formed  in  “the  upper 
dark  mottled  interval,  but  chalcedony  replacement 
of  siliceous  fossils  in  the  lowermost  interval  is 
also  common.  Coarser  rhythmic  sequences  occur  in 
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Figure  15.  Boreholes  that  have  cored  sediments  of  the  Bermuda  Rise  Formation.  Forma¬ 
tion  thickness  (metres)  in  parentheses.  Distribution  of  Horizon  A  (top 
of  Bermuda  Rise  cherts)  is  indicated  (nor  bounded  by  solid  lines  where 
extent  is  uncertain);  based  on  Tucholke  (1978).  Horizon  A  is  truncated 
by  Horizo-  Ab  (erosional  unconformity)  along  the  continental  margin. 


the  Bermuda  Rise  Formation  at  Site  6  and  possibly 
tat'  Sites  7  and  8.  At  Site  386  the  sequences  are 
too  fine  grained  to-be  megascopically  observable, 
but  they  are  cryptically  graded  (HcCave,  1979). 

Contacts-  The  base  of  the  formation  at  Site  387 
is  transitional  to  the  Plantagenet  Formation  over 
a  31  m  interval  beneath  the  lowest  porcelanite. 

The  radiolarian  content  is  diminished  in  this  zone 
(Table  15),  although  mineralo'gically  the  transi¬ 
tion  interval  is  indistinguishable  from  the 
Bermuda  Rise  Formation  (Table  15;  Koch  and  Rothe, 
1979) .  Color  banding  is  prominent  but  is  in 
somber  shades  atypical  of  the  underlying  Planta¬ 
genet  Formation,  and  it  may  reflect  rhythmic 


sequences  comparable  to  those  noted  above 
(Tucholke,  Vogt  et  al.  ,  1979).  The  base  of  this 
transitional  zone  coincides  with  the  top  of  the 
calcareous  Crescent  Peaks  Memuer.  The  upper 
contact  of  the  Bermuda  Rise  Formation  is  placed  at 
the  first  downhole  appearance  of  chert  (Site  387, 
223.8  m  subbottom),  which  corresponds  to  seismic 
Horizon  A  (Figure  24).  It  is  overlain  by 
graded  be.-  of  biogenic-siliceous  clay. 

Regional  Aspects.  The  Bermuda  Rise  Formation 
has  been  cored  on, the  Bermuda  Rise  (Sites  387, 

386,  6,  7,  and  9)  eastward  toward  the  Mid-Atlantic 
Ridge  (Site  .10),  between  the  Sohm  and  Hatteras 
Abyssal:  Plains  (Site  8),  at  Vogel  Seamount  (Site 
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385)  and  on  the  continental  rise  (Site  106, 

Figure  15).  It  is  missing  beneath  a  major  uncon¬ 
formity  under  the  continental  rise  and  notably  in 
the  Blake-Bahama  Basin  and  Cat  Gap  area  but  was 
encountered  at  Site  28  on  the  Greater  Antilles 
Outer  Ridge  north  of  Puerto  Rico  (Figures  15,  22, 
24  and  Table  13).  Lithologies  include  porcelani- 
tic  chert,  siliceous  claystone,  radiolarian  mud, 
radiolarian  ooze,  siliceous  calcareous  ooze,  and 
some  zeolitlc  clay,  silty  mudstone,  and  nanno- 
fossil  claystone  (Figure  16A).  The  common  element 
is  high  silica  content,  except  in  the  three  last- 
named  lithologies  that  are  interbedded  with 
siliceous  sediment  or  chert.  Chert  is  charac¬ 
teristic,  although  it  may  be  small  in  total 
volume.  Some  chert  occurs  in  older  units  (Blake- 
Bahama  Formation) ,  but  these  are  distinct  from  the 
Bermuda  Rise  Formation.  Calcareous  oozes  with 
chert  beds  of  equivalent  age  (Late  Paleocene 
through  Middle  Eocene)  occur  at  the  edge  of  the 
Blake  Plateau  (Site  390),  in  the  Northeast  Provi¬ 
dence  Channel  (Site  98) ,  and  on  the  J-Anomaly 
Ridge  south  of  Grand  Banks  (Site  384).  The  Site 
384  cherts  are  probably  continuous  with  those  of 
the  Bermuda  Rise  Formation  in  the  deep  basin. 

The  maximum  thickness  drilled  of  the  Bermuda 


Rise  Formation  is  153  m  (exclusive  of  the  transi¬ 
tion  interval)  at  the  type  locality.  A  similar 
thickness  of  about  130  m  was  encountered  at  Site 
386,  also  on  the  Bermuda  Rise.  Elsewhere  coring 
was  too  widely  spaced  and  recovery  too  incomplete 
to  accurately  determine  the  thickness  (Figure  24). 

Multicolored  clays  of  the  Plantagenet  Formation 
underlie  the  Bermuda  Rise  Formation  at  all  sites 
where  the  appropriate  interval  was  cored  (7,  9, 
385,  386,  387  and  possibly  28),  except  at  Site  10 
where  carbonates  occur  (Figure  22).  The  contact 
is  gradational  with  a  gradual  downhole  appearance 
of  color  banding.  Biogenic  silica  increases 
and  zeolites  decrease  upward,  but  details  of  the 
transition  have  not  been  studied.  The  upper 
contact  of  the  Bermuda  Rise  Formation  is  defined 
as  the  uppermost  appearance  of  chert  beds  at  all 
sites.  This  level  generally  coincides  with  a 
seismic  reflector  and  an  abrupt  decrease  in 
drilling  rate.  The  overlying  unit  is  mainly 
hemipelagic  mud  of  the  Blake  Ridge  Formation. 

Acoustic  Character.  The  top  of  the  Bermuda  Rise 
Formation  corresponds  to  seismic  Horizon  A  at 
most  drillsites  away  from  the  continental  margin 
(Tucholke,  1979).  This  reflector  has  been  corre- 


TABLE  13.  GEOCRAPHIC  DISTRIBUTION  OF  THE  BERMUDA  RISE  FORMATION  IN  THE  NORTH  AMERICAN  BASIN 


DSDP  Location 
Leg  Site 


Top  « 

m*  Core 


Thickness  Age 

(n> 


ig|  Bermuda  Rise 

43 

3S7+ 

223.8 

1  — 5341. 8] 

12:1,145 

376.6 

through 

444.2 

23:2,82 

through 

27:2,148 

152.8- 

220.4 

Middle  Eocene- 
Early  Eocene 

32*19. 2'N,67°40.0'W 

cS|  Bermuda  Rise 

1 

6 

233-247 
(-5538  -5372] 

between 

4  &  5 

257  TD 

6 

>10 

Middle  Eocene 

30°50.4'N,67°38.9’W 

,  J  Bermuda  Rise 

1 

7 

9-235 

[-5192  -5420] 

between 

1  &  2 

236-278 

between 

2  &  2A 

>1 

Early  Middle 
Eocene 

30*08. O' N, 68*17. 8' W 

'  Lower  Conti- 

,3  nental  Rise 

2 

8 

287-295 
[-5456  -5464] 

between 
1A  b  2A 

>305 

below  3A 

>18 

Eocene 

35*25. 0'N^'SS^'W 

jji  Bermuda  Rise 

2 

9 

492-679 
[-5473  -566Q] 

between 
12  &  1A 

682-765 

between 
1A  &  3A** 

>3 

Middle  Eocene- 
?Senonian 

32*46. 4'N, 59*11. 7'W 

js  West  Flank,  Mid- 

isji  Atlantic  Ridge 

2 

10 

100-167 
[-4812  -4879] 

between 

7  6  8 

185-291 

between 

9  6  10 

>18 

Early  Eocene 

32*51. 7' N, 52*12. 9' W 

iff  Greater  Anti1  les  6 

1|  Outer  Ridge 

28 

176 

[-5697] 

3:1 

between 

283  &  345 

Tbetween 
7  &  8 

>107 

Eocene 

20*35. 2' N, 65*37. 3' W 

S  Lower  Conti- 

jjS  nental  Rise 

11 

106 

961-1012 
(-5461  -5512] 

between 
6B  6  7B 

1015.5  TD 

8B 

>3.5 

?Eocene-Miocene? 

36*26. 0’N,69*27.7’W 

Sjji  Vogel 

£  Seamount 

43 

385 

156^ 

[-5112] 

between 

5  6  6 

165 

between 

6  6  7 

9-13 

Early  Eocene 

37*22. 2'N,60°09.5'W 

'•  1  Bermuda  Rise 

43 

386 

492 

[-5275] 

27:2,20 

613-632 

between 
34  6  35 

■ul30 

E.  Eocene- 
?Paleocene 

31*11. 2'N, 64*14. 9’W 

(]  Depth  below -sea  level  in  square  brackets. 

TD  Denotes  total  depth  penetrated;  bottom  of  formation  not  cored, 
e  Core  locations  given  by:  core  number: sect ion, depth  in  centimetres. 

A  Drilling  brake  suggests  first  chert  at  152  o;  first  chort  recovered  at  156  o. 

+  Type  locality. 
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TABLE  15.  COMPOSITION  OF  THE  BERMUDA  RISE  FORMATION 

Based  on  Smear  Slide  Estlaatcc  (per  cent*,  range  In  parentheses) 


Comporjnt 

387  Top 

387  Base* 

386  Too 

386  Base 

Clay  (includes  'opal') 

70 

(57-81) 

89 

(82-93) 

82 

77 

Mica 

1 

(0-10) 

2 

- 

- 

Altered  ash  and  glass 

- 

- 

3 

1 

Nannofossils 

6 

(0-15) 

1 

(0-18) 

5 

5 

Foraoini fers 

1 

(0-17) 

- 

trace 

Unspecified  carbonate 

6 

(0-22) 

1 

(0-10) 

4 

2 

Radiolarians  (includes 
‘porcelanite’) 

12 

(0-50) 

2 

(0-5) 

3 

12 

Sponge  spicules 

2 

(0-22) 

- 

- 

Diatoms 

1 

(0-9) 

- 

- 

Miscellaneous 

1 

6 

3 

3 

N 

31 

19 

16 

20 

Interval  (m) 

224-377 

377-444 

492-539 

539-613 

Transition  rone  to  the  Flantagenet  Formation. 


lated  with  the  shallowest  occurrence  of  cherts  at 
Sites  6,  10,  28,  384,  385,  387;  at  Site  386  the 

top  of  the  cherts  is  seismically  masked  by  an  82  m 
thick  sequence  of  calcareous  turbidites,  and 
Horizon  A  correlates  with  the  top  of  these 
turbidites.  The  distribution  of  Horizon  A 
defines  the  regional  distribution  of  the  Bermuda 
Rise  Formation  (Figure  15). 

Along  the  continental  margin  Horizon  a  is 
truncated  by  a  major  erosional  unconformity  termed 
Horizon  A  by  Tucholke  (1979) .  Drillsites  in  this 
area  (Sites  4,  5,  99,  100,  101,  105,  391)  show 
that  the  Bermuda  Rise  Formation  has  been  removed 
and  that  the  Blake  Ridge  Formation,  normally 
overlying  the  Bermuda  Rise  Formation,  rests 
directly  on  the  Plantagenet  or  older  formations. 

On  the  western  part  of  the  Bermuda  Rise,  where 
siliceous  turbidites  form  the  bulk  of  the  unit, 
the  Bermuda  Rise  Formation  is  acoustically  lami¬ 
nated.  This  lamination  fades  out  at  the  contact 
with  t:ic  underlying  Plantagenet  Formation  (Figure 
17).  Elsewhere,  the  chert (s)  form  a  discrete 
reflector  or  reverbatory  sequence  distinct  from 
the  generally  non-reflective  sediments  of  the 
Plantagenet  Formation. 

Calculated  interval  velocities  in  the  Bermuda 
Rise  Formation  are  about  2.01  km/s  at  Site  387  and 
1.91  km/sec  at ‘Site  386  (including  the  overlying 
calcareous  turbidites) .  Shipboard  measured 
velocities  vary  considerably,  depending  on  the 
degree  of  sample  siiicification  (Table  14). 

Age.  Radiolarians,  forarainifers,  and  calcareous 
nannofossils  have  all  yielded  Early  to  early 


Middle  Eocene  ages  for  this  formation.  The  age 
range  at  various  sites  is  from  latest  Paleocene  to 
Middle  Eocene  (Table  13) .  A  questionable  Maas- 
trichtian  age  at  Site  9  may  result  from  mixing 
during  coring.  An  anomalously  young  age  of  the 
upper  boundary  at  Site  106  (Oligocene-Miocene)  is 
questionable  and  may  result  from  drilling  con¬ 
tamination  (Poag,  1977,  p.  698). 

At  the  Site  387  type  locality,  the  age  of  the 
formation  is  Middle  and  Early  Eocene  (Figure  14). 
At  Site  386  nannofossils  indicate  latest  Paleocene 
to  Middle  Eocene  ages  of  the  formation,  but  radio- 
larian  biostratigraphy  favours  an  Early  to  early 
Middle  Eocene  age  (Figure  13) . 

Depositior.al  Environment.  Sedimentation  during 
this  period  is  marked  by  the  predominance  of 
biogenic  silica  over  biogenic  carbonate  in  the 
deep  basin  below  the  CCD,  and  by  a  significant 
contribution  of  biogenic  silica  in  shallower, 
usually  calcareous  sediments.  This  may  reflect 
strong  surface  circulation,  upwelling,  and  perhaps 
cooler  temperatures.  The  calcite  compensation 
depth  was  apparently  elevated  to  less  than  4500  m 
(Figure  23) .  On  the  western  half  of  the  Bermuda 
Rise  and  further  west,  sedimentation  was  dominated 
by  fine-grained  turbidites  probably  originating 
along  the  North  American  continental  margin. 
Turbidites  on  the  Bermuda  Rise  were  deposited 
prior  to  uplift  that  formed  the  Rise  in  the  Middle 
to  Late  Eocene,  and  they  include  carbonates 
derived  from  shallower  water  (Tucholke  and  Vogt, 
1979). 

Sediment  accumulation  rates  as  high  as  50  m/m.y. 
are  occasionally  indicated  for  the  Bermuda  Rise 
Formation  at  Site  387  where  fine  turbidites  were 
deposited.  Somewhat  lower  rates  of  about  20 
m/m.y.  typify  Site  386,  where  the  turbidites  are 
cryptically  graded.  In  pelagic  sections  (clayey- 
siliceous  and  calcareous-siliceous  lithofacies) 
accumulation  rates  typically  were  5  to  8  m/m.y. 

Identifying  features.  The  presence  of  chert, 
abundance  of  siliceous  organisms,  commonly 
greenish-gray  color,  and  presence  of  seismic 
Horizon  A  at  the  top  of  the  formation  are  dis¬ 
tinctive  features  of  the  Bermuda  Rise  Formation. 

Correlations  with  Other  Units.  Synchronous 
facies  on  the  Scotian  Shelf  and  Grand  Banks  are 
brownish-grey  glauconitic  mudstone  with  minor  sand 
beds,  nannofossi.'  marls  and  zeolitic  claystones  of 
the  Banquereau  Foi nation  (Jansa  and  Hade,  1975a). 
In  the  Baltimore  Canyon  Trough  on  the  U.S.  con¬ 
tinental  shelf,  the  Paleocene-Eocene  is  generally 
represented  by  nannofossil  marls  and  chalks  wtth 
variable  biogenic  opal  content  (Smith  et  al  , 

1976).  Dredge  hauls  and  drilling  at  DSDP  Site  108 
show  that  Early  and  Middle  Eocene  chalks  and 
limestones  rich  in  silica  are  prevalent  along  the 
continental  slope  (Gibson,  1970;  Hollister,  Ewing 
et  al. ,  1972).  Opal-rich  sediments  of  late  Early 
Eocene  age  are  also  widespread  along  the  Atlantic 
Coastal  plain  (Hathaway  et  al. ,  1976)  and  in  Cuba 
(Gibson  and  Towe,  1971). 
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Blake  Ridge  Formation 

The  Blake  Ridge  Formation  is  a  widespread 
greenish-grey  and  brown  hemipelagie  mud.  Its  age 


is  I.ate  Cenozoic,  with  maximum  development  com¬ 
monly  in  the  Miocene.  In  most  areas  deposition  of 
this  mud  probably  continues  to  the  present.  The 
formation  is  named  for  the  Blake  Ridge,  the  nor- 


Figure  16. 
A. 


Bermuda  Rise  and  Blake  Ridge  Formations. 

Diatom-rich  clay  of  the  Bermuda  Rise  Formation  with  local  chert  frag¬ 
ments.  Overlying  graded  bed  is  calcareous  skeletal  sand  (Leg  1-6-6 :1, 
113-144  cm;  250  m  sub-bottom;  early  Middle  Eocene). 

Intraclastic  chalk  of  the  Great  Abaco  Member;  large  clasts  near  the 
base  are  shallow-water  limestone  lithoclasts  (Leg  44-391A-12:4,  25- 
75  cm) . 

Intraclastic  chalk  of  the  Great  Abaco  Member  with  intervals  of  deformed 
and  burrowed,  fine-grained,  greenish-grey  chalk  at  the  top  and  base. 
Upper  interval  contains  large  clast  of  the  greenish-grey  chalk  (92  cm) 
and  shallow-water  limestone  lithoclasts  (Leg  44-o91A-12:4,  75-125  cm). 
Very  hard  hemipelagie  mudstone  of  the  Blake  Ridge  Formation  with  abun¬ 
dant  siliceous  organisms.  Note  bioturbation  and  faint  vertical  cracks 
(e.g.  56-60  cm),  probably  caused  by  gas  expansion.  From  type  locality. 
Leg  ll-106B-5:4,  25-75  cm,  940  m  sub-bottom;  Middle  Miocene. 

Blake  Ridge  Formation  turbidites  rich  in  biogenic  silica  (33%  radio- 
larians,  7%  sponge  spicules,  1%  diatoms  from  smear-side  estimates). 

Leg  43-386-15:2,  0-98  cm;  349  m  below  sea  floor;  Middle  Eocene. 

Blake  Ridge  Formation  volcaniclastic  sand;  two  or  three  coarse-sand 
intervals  grade  up  into  ripple-laminated  fine  sand.  Contains  16% 
heavy  minerals  and  5%  volcanic  glass  from  smear-slide  estimates 
(Leg  43-386-13:2,  20-70  cm;  311  m  sub-bottom;  Middle  or  Upper  Eocene). 
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them  ridge  of  the  Blake-Bahama  Outer  Ridge 
system,  which  is  constructed  of  this  mud  (Ewing 
and  Hollister,  1972). 

Type  Locality.  Although  this  unit  has  been 
cored  at  numerous  sites  (Table  16)  none  makes  a 
satisfactory  type  locality,  because  of  widely 
spread  coring  in  this  monotonous  lithology  and  tha 
consequent  failure  to  core  contacts.  Site  106, 

Leg  11,  where  the  maximum  thickness  was  penetrated 
with  reasonable  recovery,  is  designated  type 
locality  (Figure  18) .  The  formation  was  pene¬ 
trated  completely  at  this  site,  and  cores  7B  and 
8B  at  the  bottom  of  the  hole  (1012-1016  m)  re¬ 
covered  cherty  mudstone  that  contains  552  cristo- 


balite  (Zemmels  et  at. ,  1972)  and  is  ceferrable  to 
the  Bermuda  Rise  Formation. 

At  Site  106  nearly  1000  m  of  predominately  dark 
greenish-grey  mud  of  the  Blake  Ridge  Formation  was 
penetrated  (Figures  22,  24).  A  few  intervals  are 
olive-grey,  brownish-grey,  or  greenish-black.  The 
upper  three  cores,  down  to  119  m  subbottom,  con¬ 
tain  numerous  intervals  up  to  tens  of  centimeters 
thick  of  quartz  sand  or  silt.  Minor  sandy  layers 
also  occur  at  343  to  349  a,  within  the  Pleistocene 
section.  Sediments  down  to  this  depth  are  domi¬ 
nantly  turbidites,  although  coring  disturbance  has 
obscured  primary  sedimentary  structures.  Indura¬ 
tion  increases  progressively  with  depth  from  soft 
plastic  mud  at  the  surface,  through  firm  semi- 


TABLE  lb.  CE0CRAPHIC  DISTRIBUTION  OF  THE  BLAKE  RIDGE 

FORMATION  IN  THE  NORTH  AMERICAN 

BASIN** 

Region 

DSDP 

Leg 

Location 

Site 

Top 

a* 

Core* 

Base  ^ 

a'  Core 

Thickness 

(a) 

Age 

Position 

Lower  Conti¬ 
nental  Rise 

11 

106**+ 

0 

(-4500) 

1 

96t-101? 

between 
6B  6  75 

961-1012 

E.  Miocene-Holocene 

36*26. 0* N, 69*27. 7* W 

Bermuda  Rise 

1 

6 

>15 

(-5140) 

above  1A 

152.1 

2:1,0 

>137 

overlies  Middle  Eocene 

30*50. 4'N, 67*38. 9*M 

Bermuda  Rise 

1 

7 

0 

(-5185) 

1 

9-235 

between 

1  &  2 

<235 

Pliocene  &  older 

30*03. 0* N, 68*17. 8* W 

Lower  Conti¬ 
nental  Rise 

2 

8 

<176 

(-5345) 

above  1 

287-255 

between 

1A  &  2A 

>111 

overlies  Early  Eocene 

35*23. O'N, 67*33. 2'U 

Bermuda  Rise 

2 

9 

202 

(-5183) 

7:1,90 

492-679 

between 

12  &  1A 

290-477 

Miocene?-Pliocene? 

32*46. 4'N, 59*11. 7'w 

Bahama  Outer 
Ridge 

11 

101 

<32 

(-4900) 

above  1 

^230*** 

between 

3A  &  4A 

198-230 

Early  Pliocene- 
Late  Miocene 

25*11. 9'N. 74*26. 3’W 

Blake  Outer 
Ridge 

n 

102 

0 

(-3426) 

1 

661  TD 

19 

>661 

Pleistocene/Kolocene- 
Late  Miocene 

30*43. 9*11, 74*27.  l'w 

Blake  Outer 
Ridge 

n 

103 

0 

(-3964) 

1 

449  TD 

7 

>449 

Pleistocene/Holocenc- 
Middle  Miocene 

30*27. l’N,74*35.0,W 

Blake  Outer 
Ridge 

n 

1C4 

0 

(-3811) 

1 

617  TD 

10 

>617 

Pleistocene/Holocene- 
Middle  Miocene 

30*49. 7'N, 74*19. 6’V 

Lower  Conti¬ 
nental  Rise 

ii 

105 

0 

(-52511 

1 

193-241 

between 

4  &  5 

M.93-241 

Pleistocene/Kolocene- 

Miocene 

34*53. 7'N, 69*10. 4'W 

Nashville 

Seamount 

A3 

382** 

<51 

(-5578) 

1 

352 

15:5,22 

301-352 

Pleistocene-Early 

Miocene 

34*25. O'N, 56*32. 3'W 

Vogel  Seamount 

43 

385 

<22 

(-4978) 

1 

156* 

between 

5  6  6 

134-156 

Pleistocene-Early 

Miocene 

37*22. 2'N, 60*09. 5'W 

Bermuda  Rise 

43 

386** 

60 

(-4843) 

1:6,15 

492 

27:2,20 

432 

Late  Miocene-Early 

Eocene 

31*11. 2*N, 64*14. S’W 

Bermuda  Rise 

43 

387 

<32 

(-5150) 

1 

224 

12:1,145 

188-224 

Pleistocene/Holocene- 
Middle  Eocene 

32*19. 2'N, 67*40'U 

Lower  Conti¬ 
nental  Rise 

44 

388** 

0 

(-4920) 

1A 

341  TD 

11A 

>341 

Pleistocene-Middle 

Miocene 

35*31. 3'N, 69*23. 8'W 

Blake-Bahama 

Basin 

44 

391** 

0 

(-4964) 

1 

649 

between 
20A  &  21A 

649 

Pleistccene/Holocenc- 
Early  Miocene 

2S*13.7'N, 75*36. 9'W 

*  Metres  below  seafloor.  Range  In  values  denotes  Interval  without  coring  or  recovery. 

[)  Depth  below-sea  level  in  square  brackets. 

TD  Denotes  total  depth  penetrated;  bottom.of  formation  not  cored. 

S  Core  locations  are  given  by:  core  nu^er: section, depth  in  centimetres. 

**  Includes  intervals  with  appreciable  mass-flow  deposits;  these  are  also  tabulated  separately  in  Table  18. 

Based  on  seismic  reflector  and  slight. break  in  drilling  race.  Interval  203-250  m  not  cored;  core  at  250  o  is  "intermediate  between 
heoipelagic  muds  and  carbonaceous  clays"  [Hatteras  Formation]  (Hollister,  Ewing,  and  others,  1972,  p.  109). 
a  Drilling  brake  in  core-5. suggests  first  chert* encountered  at  152  m. 

+  Type  locality. 
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Figure  17.  Seismic  profiler  record  just  northwest  of  Site  3S7  on  the  western  Bermuda 
Rise,  showing  major  reflectors  and  correlation  with  formations  described 
in  the  text. 
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Figure  18.  Boreholes  that  have  cored  sediments  of  the  BlakenRidge  Formation 
Formation  thickness. (metres)  in  parentheses. 
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plastic  mud  at  345  m  and  very  firm,  slightly 
fissile  mud  at  450  m,  to  hard  mudstone  at  940  m. 
The  average  mud  is  silty  clay  with  about  68  per 
cent  clay  (Table  17),  but  the  upper  part  of  the 
formation  which  contains  sand  beds  has  about  equal 
proportions  of  sand,  silt,  and  clay.  Sedimentary 
components  in  order  of  decreasing  abundance  are 
mica,  quartz,  carbonate,  kaolinite,  montmorillo- 
nite,  and  feldspar  (Table  17).  Siderite  was  noted 
throughout  the  bottom  half  of  .the  interval  in 
shipboard  descriptions,  but  was  not  reported  from 
X-ray  mineralogy  studies  (Zemmels  et  al. ,  1972). 

Calcareous  nannoplankton  are  common  in  most 
cores.  Radiolaria,  sponge  spicules,  and  dino- 
flagellates  occur  sporadically  throughout,  fora- 
minifera  are  rare  except  in  the  turbidite  interval 
near  the  top  of  the  formation. 

Sedimentary  structures  include  burrows,  irregu¬ 
lar  bedding,  and  lighter  lenses  that  contain  more 
foraminifers  and  calcareous  nannofossils.  Pyrite 
and  siderite  line  some  burrows  and  form  lenses  or 
nodules.  The  most  common  structures  are  burrow¬ 
like  coalescent  spongy  voids  and  vertical  frac¬ 
tures  which  occur  in  the  lower  half  of  the  forma¬ 
tion  and  result  from  gas  expansion  during  core 
recovery  (Hollister,  Ewing  et  al.  ,  1972).  Most 
cores  in  this  interval  contained  appreciable  CO2, 
H2S,  and  CH*.  However  some  fractures  are  lined 
with  siderite  suggesting  vertical  gas  migration  or 
expansion  in  situ. 

Contacts.  The  lower  contact  of  the  Blake  Ridge 
Formation  at  Site  106  is  within  a  50  m  uncored 
interval  (961-1012  m).  A  subtle  color  change 
across  this  interval  from  dark  greenish-grey 
(5G4/1)  to  greyish-green  (10G4/2),  a  reduction  in 
terrigenous  components  (Tables  14  and  17),  and 
appearance  of  cherty  siliceous  sediments  mark  the 
change  to  the  underlying  Bermuda  Rise  Formation. 
Two  lines  of  evidence  suggest  that  the  Blake  Ridge 
Formation  unconformably  overlies  the  Bermuda  Rise 
Formation  at  Site  106:  (1)  the  Horizon  A  uncon¬ 
formity  can  be  traced  to  the  site  at  about  100C  m 
subbottom,  and  (2)  it  is  likely  that  cores  7E  and 
8B  from  the  Bermuda  Rise  Formation  (1012-1015  m) 
are  of  Eocene  age,  thus  requiring  either  severely 
reduced  sedimentation  or  a  hiatus  in  the  internal 
961  to  1012  m  subbottom.  The  upper  contact  of  the 
Blake  Ridge  Formation  at  Site  106  is  at  the  sea 
floor. 

Regional  Aspects.  The  Blake  Ridge  Formation 
shows  little  lithologic  variation  throughout  the 
North  American  Basin,  except  where  hemipelagic 
sedimentation  was  interrupted  by  debris-flow 
deposits  or  turbidites.  Color  is  generally  dark 
greenish-grey  but  notable  differences  sometimes 
occur.  At  Sites  6  and  7  color  is  brown,  olive, 
and  dark  yellowish  brown,  and  at  Site  where  the 
top  100  m  is  light  brown  or  yellowish  brown  and 
the  base  is  pale  olive  to  yellowish  grey.  A  few 
yellow-brown  bands  were. encountered  at  Sites  9  and 
386.  These  lighter  colors  commonly  are  found  near 
the  Bermuda  Rise,. 


The  uniformity  in  composition  of  the  formation 
is  indicated  in  Table  17.  Quartz  content  is 
remarkably  uniform  despite  minor  variations  in 
grain  size,  except  at  Site  388  which  is  anoma¬ 
lously  quartz  rich  and  at  Bermuda  Rise  Sites  386 
and  387  which  are  clay  rich.  Feldspar  content  is 
fairly  uniform,  but  is  consistently  high  at  Site 
391  (a  high  average  value  at  Site  105  reflects  a 
single  sample  of  terrigenous  sand).  Carbonate 
content  is  higher  in  samples  from  the  relatively 
shallower  Blake  Ridge  (Sites  102  to  104),  Bahama 
Outer  Ridge  (Site  101)  and  Blake-Bahama  Basin 
(Site  391) .  This  may  reflect  combination  of  (1) 
higher  productivity  of  surface  waters  at  the  lower 
latitudes,  (2)  detrital  carbonate  input  from 
nearby  carbonate  platforms,  and  (3)  lack  of  dilu¬ 
tion  by  terrigenous  components.  Calcareous  nanno¬ 
plankton  are  abundant  at  all  sites.  Foraminifera 
are  abundant  in  continental-rise  sites  but  are 
rare  and  show  the  effects  of  dissolution  in  cores 
from  the  abyssal  plains.  Mica  content  generally 
decreases  away  from  the  North  American  continental 
sh.lf,  the  most  likely  source  area,  but  chlorite 
fails  to  show  a  parallel  trend.  Both  minerals 
also  are  relatively  abundant  at  Bermuda  Rise 
Sites  386  and  387.  Montmorillonite  is  very  abun¬ 
dant  at  Bermuda  Rise  and  New  England  Seamount 
sites  (382,  385),  reflecting  local  volcanigenic 
source  rocks.  It  is  more  abundant  in  older 
samples  at  most  sites.  Zeolites  are  common  in  the 
upper  part  of  the  formation  at  Sites  386  (above 
155  m)  anc  387  (above  100  m).  Siliceous  fossils 
are  rare  in  younger  samples  at  most  sites,  but 
increase  in  abundance  with  depth,  especially  at 
Site  387  below  100  m.  Thus,  minor  variations  in 
composition  occur  in  the  formation  due  to  the 
effect  of  provenance,  productivity  and  sediment 
distribution. 

Natural  gas  was  detected  in  cores  from  all  sites 
on  the  continental  rise  (102,  103,  104,  106,  388), 
but  was  not  noted  in  abyssal  plain  and  Bermuda 
Rise  sites. 

The  thickness  of  the  Bermuda  Rise  Formation  is 
generally  200  to  300  m  in  the  North  American  Basin 
(Table  16),  but  Increases  markedly  on  the  con¬ 
tinental  rise  to  1000  m  (Site  106)  and  more 
(Figures  22,  24).  Except  for  local  thin  units  the 
formation  is  absent  in  the  Cat  Gap  area  where 
erosion  has  exposed  rocks  as  old  as  Early  Creta¬ 
ceous  at  or  near  the  sea-floor  (Figure  22). 

In  the  central  part  of  the  basin  the  Blake  Ridge 
Formation  overlies  chert  of  the  Bermuda  Rise 
Formation  with  no  detectable  hiatus.  Along  the 
continental  margin  underlying  formations  are 
beveled  by  a  regional  unconformity  (Horizon  Au 
and  the  Blake  Ridge  Formation  unconformably  over- 
lies  older  strata.  For  example  at  Sites  105  and 
391  it  rests  on  the  variegated  Plantagenet  Forma¬ 
tion  and  at  Site  101  it  overlies  the  Hatteras 
Formation. 

The  top  of  tl  ’  formation  is  at  or  near  the  sea 
floor  at  all  localities.  In  many  places  the 
formation  is  capped  by  a  unit  of  Pleistocene  and 
Holocene  nannofossil-foraminifera  ooze  or  marl 
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ranging  from  a  few  decimeters  tc  a  few  meters  in 
thickness.  Some  exceptions,  such  as  Site  386 
where  the  oozes  appear  to  be  60  m  thick,  may  be 
due  to  inadvertent  recovery  of  near  sea-floor 
sediments  when  spudding  in  the  hole.  However, 
Pliocene-Pleistocene  oozes  up  to  200  m  thick 
probably  overlie  the  Blake  Ridge  Formation  at  Site 
9. 

Mass-Flow  Deposits.  The  most  striking  regional 
variants  of  the  Blake  Ridge  Formation  are  ter¬ 
rigenous,  volcaniclastic,  siliceous  and  calcareous 
turbidites  and  carbonate  breccias  described  later 
as  a  formal  member. 

Terrigenous  sand  and  silt  are  most  common  at 
Sites  106  and  388  on  the  continental  r^se  and  at 
Sites  382  and  383  in  the  Sohm  Abyssal  Plain 
(Tables  18,  19).  At  Sites  106  and  388  sandy 
sediments  form  the  top  of  the  formation  and  con¬ 
tain  a  mixed  foraminiferal  fauna  indicating 
Pleistocene  age.  Individual  sand  intervals  are  up 
to  2.5  m  thick.  Sedimentary  structures  and 
grading  were  not  observed,  because  of  intense 


drilling  disturbance.  Graded  beds  are  common  at 
Site  382  and  probably  at  Site  383,  where  they  are 
Pliocene  and  Quaternary  age.  Seismic  profiles 
across  all  four  of  these  sites  show  flat-lying, 
closely  spaced  reflectors  either  regionally  dis¬ 
tributed  or  in  sediment  ponds.  Near  the  base  of 
Blake  Ridge  Formation  graded  beds  of  terrigenous 
silt  or  sand  mixed  with  calcareous  and  siliceous 
debris  were  cored  at  Sites  6,  8  and  387,  on  or 
near  the  Bermuda  Rise.  The  beds  are  mostly  less 
than  10  cm  Chick.  These  turbidites  are  Middle  to 
Late  Eocene  in  age  and  were  deposited  prior  to 
uplift  of  the  Bermuda  Rise. 

Biogenic  siliceous  and  calcareous  turbidites 
with  less  terrigenous  debris  also  are  common  at 
Site  386.  Because  this  site  was  drilled  in  the 
center  of  a  fracture  valley,  it  has  accumulated 
large  volumes  of  debris  shed  from  the  adjacent 
basement  peaks,  and  is  likely  that  this  typifies 
sediments  of  the  Blake  Ridge  Formation  that  were 
deposited  in  other  fracture  valleys.  The  tur¬ 
bidites  at  Sire  386  range  in  age  from  Middle 
Eocene  to  Early  Miocene,  and  although  some  are 


TABLE  15.  CHARACTERISTICS  OF  THE  BLAKE  RIDCE  FORMATION  (EXCLUSIVE  OF  PASS  FLOW  INTERVALS  -  SEE  TABLE  18) 
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21.8 

24.8 

20.9 

29.2 

*4.5 

n 

43 

386 

3 

2.4 

16.8 

80.8 

5 

7.8 

0. 14 

5 

12.2 

3.6 

19,3 

2.76 

16.7 

1.3 

49.2 

3 

62.4 

2 

Q 

1.55  | 

54^0 

U7.0 

t21.2 

213.8 

20.05 

25.2 

♦2.3 

♦15.7 

24.3 

27.7 

12.3 

214.4 

*4.6 

p 

2«7 

2 

4.8 

13.0 

82.2 

9 

0.4 

0.17 

9 

9.8 

2.9 

3i2 

4.9 

19;8 

1.5 

57.C 

10 

69.4- 

3 

1.57  § 

20.3 

20.07 

24.0 

21.0 

*6.6 

25.0 

2?;s 

♦1.8 

♦11.3 

24.4 

r0.04  § 

44 

388 

12 

j.45 

24.8 

74.8 

26 

1.5 

0.38 

12  ’ 

46.5 

14.8 

4;6 

6.9 

18.3 

0.7 

7.1 

14 

53.9 

22 

1-59  1 

2O.6I 

iS.O 

25.0 

2l.l 

20.10 

♦10.5 

♦2.6 

*9.2 

21.3 

23.4 

21.2 

*2.3 

*6.2 

20.17  | 

44 

391 

8 

0.4 

26;4 

73.2 

12 

13.8 

0.33 

9 

29.8 

23.2 

24.9 

5.0 

13.6 

1.8 

0.8 

4 

46.5 

8 

1*50  1 

10.3 

26.4 

26.3 

*7.4 

20.06 

26.0 

28.O 

213.6 

22:4 

-46.'  4 

22.4 

21.2 

28.O 

20.02  1 

1 

*  analysis  of  bulk, samples 
4  type!  ocaHiy 
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TABLE  18.  GEOGRAPHIC  DISTRIBUTION  OF  THE  GREAT  ABACO  MEMBER  AND  OTHER  DEBRIS-FLOW  AND 

TURBIDITE  DEPOSITS  WITHIN  THE  BLAKE  RIDGE  FORMATION  IN  THF.  NORTH  AMERICAN  BASIN 


Region 

DSDP 

Leg 

Location 

Site 

Top 

n* 

Corc^ 

Base  ^ 

a*  Corea 

Thickness 

(a) 

Age 

Blakc-Bahama 

Basin 

44+ 

391A 

147 

(-6111) 

3:1,150 

649 

between 
20  6  21 

502 

Early-Late 

Miocene 

Bermuda  Rise 

1 

6 

1 

161-190 
[-5286-  -5315) 

between 

2  6  3 

250 

6:2 

>60 

Middle  Eocene 

Lower  Conti¬ 
nental  Rise 

2 

8 

1 

177-254 
;-5346-  -5423! 

between 
16  2 

285 

between 
1A  6  2A 

- 

Eocene 

Lower  Conti¬ 
nental  Rise 

11 

106 

0 

(-4500) 

1 

119-187 

between 

3  6  4 

>119 

Pleistocene 

Nashville 

Seamount 

43 

382 

1 

0-51 

[-5527-  -5578J 

1 

232 

5:1,130 

181-232 

Pleistocene 

Bermuda  Rise 

43 

386 

155 

(-493S) 

4:5,110 

490 

27:2,20 

335 

Late  Oligocene- 
Earlv  Eocene 

Bermuda  Rise 

4.3 

38? 

J  78 

[-5296] 

7:3,20 

224 

12:1,145 

46 

Middle  Eocene 

Lower  Conti¬ 
nental  Rise 

44 

3S8A 

0 

[-4920] 

1 

53-208 

between 

3  6  4 

>33 

Pleistocene 

*  Metres  below  sea  floor.  Range  in  value  denotes  an  interval  without  coring  or  recovery. 
1]  Depth  below  sea-level. 

A  Core  locations  are  given  by:  core  number: sect ion, depth  in  centimetres. 

+  Great  Abaco  Member  type  locality. 


cryptically  graded  they  commonly  exhibit  the 
rhythmic  progression  of  sedimentary  structures 
previously  described  for  the  Bermuda  Rise  For¬ 
mation  at  Site  387. 

Site  386  also  cored  a  160+  m  sequence  of  Late 
Eocene  to  Oligocene  volcaniclastic-sand  turbidites 
derived  from  weathering  of  the  Bermuda  volcanic 
pedestal.  Although  cored  at  only  one  site,  these 
deposits  can  be  traced  in  seismic  profiles  within 


a  radius  of  about  150  km  around  Bermuda  (Horizon 
A  ;  Tucholke  and  Mountain,  1979),  and  they  eventu¬ 
ally  may  merit  formal  member  status.  Site  386  is 
the  hypos tratotype  for  this  variant  of  the  Blake 
Ridge  Formation. 

Acoustic  Character.  Along  the  continental 
margin  Horizon  A^  marks  the  base  of  the  Blake 
Ridge  Formation.  Farther  seaward  where  this 


TABLE  19.  CHARACTERISTICS  OF  THE  CREAT  ABACO  MEMBER  AM)  OTHER  INTERVALS  OF  TURBIDITES  AMD  DEBRIS-FlAW  DEPOSITS  UlTHIN  BLARE  RIDGE  FORMATION 


Leg  Site  Interval  Crain  Size  Carbon  Mineralogy  (X-ray  Diffraction*)  Porosity  Velocity 


Top 

Base 

N 

Sand 

Silt 

Clay 

N 

CaCOj 

Organic 

N  Quartz 

Feld¬ 

spar 

Car- 

bonate 

(total) 

Kao 11-  Mica 
nite 

Chlo¬ 

rite 

Montmor- 

illonlte 

N 

X 

H 

ka/s 

44 

391A+ 

147 

649 

20 

5.0 

12.0 

44.0 

214.5 

51.0 

20.51 

42 

60.3 

232.8 

0.5 

20.05 

24“  1.75 
21.0 
104  28.5 
213.5 

2.5 

25.3 

98.25 

21.0 

27.7 

127.5 

3.5  6  8 

22.4  28.4 

1.0 

23.2 

15 

217.8 

27 

50.3 

29.8 

32 

2.03 

20.5 

1 

6 

190 

250 

10 

14.1 

123.2 

26.0 

214.8 

59.9 

223.3 

9 

22.6 

214.3 

0.2 

20.  L 

2 

8 

254 

288 

6 

3.4 

=1.9 

50.5 

216.0 

46.1 

215.0 

1 

?.4 

0.1 

11 

106 

0 

119 

S 

33.4 

=31.2 

27.6 

29.3 

39.0 

223.7 

11 

12.  S 
211.8 

0.4 

20.2 

10 

56.6 

211.4 

43 

382 

51 

232 

1 

9.7 

0.4 

HO  DATA  AVAILABLE 

7 

55.6 

29.2 

S 

1.53 

20.06 

43 

386 

155 

490 

15 

,22.9 

28.7 

39.5 

14.9 

37.6 

19.5 

33 

18.1 

16.1 

0.3 

0.26 

39 

50.9 

213.9 

36 

1.8S 

20.26 

43 

387 

178 

224 

4 

2.2 

1.6 

37.4 

5.C 

60.4 

4.2 

9 

6.7 

8.6 

0.1 

0.1 

7 

65.8 

26.9 

7 

1.63 

20.10 

44 

388 

0 

53 

6 

6.58 

iio.37 

33.5 

26,93 

59.9 

215.16 

6 

20.2 

213.0 

0.2 

20.11 

5 

61.34 

25.01 

4 

1.55 

20.067 

+  type  locality  = 

A  chalk'  intraclast  -- 

f  clayey  matrix 
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unconformity  does  not  cut  into  the  Bermuda  Rise 
Formation,  the  base  of  the  Blake  Ridge  Formation 
correlates  with  Horizon  A°.  One  exception  occurs 
at  Site  386;  here  Horizon  A  is  within  the  base  of 
the  Blake  Ridge  Formation  and  at  the  top  of  a 
sequence  of  calcareous  turbidites  overlying  the 
Bermuda  Rise  cher:s. 

The  general  acoustic  character  of  the  Blake 
Ridge  Formation  in  seismic  profiles  is  highly 
variable.  The  formation  ranges  from  acoustically 
uon-laminated  (Site  9)  through  laminated  (e.g.. 
Sites  102,  103,  104)  to  very  strongly  laminated, 
flat  lying  beds  (e.g.,  Site  106,  383).  The 
acoustic  character  is  a  direct  indicator  of 
vertical  and  lateral  lithologic  inhomc geniety  of 
the  formation.  Sound  velocities  in  these  sedi¬ 
ments  range  upward  from  about  1.5  km/ sec  >  average 
about  1.7  km/sec,  and  may  reach  as  high  as 
2.5  km/sec  depending  upon  formation  thickness. 

Age.  Most  of  the  Blake-Ridge  Formation  re¬ 
covered  from  sites  to  date  is  of  Miocene  age, 
largely  because  sampling  has  been  biased  toward 
the  continental  margin  where  Upper  Eocene  and 
Oligocene  sediments  have  been  eroded.  At  the  Site 
106  type  locality,  the  formation  ranges  from  Early 
Miocene  to  Holocene  (Figure  19).  Farther  seaward 
the  formation  overlies  the  Bermuda  Rise  cherts  and 
therefore  is  Middle  Eocene  and  younger  (e.g.. 

Sites  386  and  387;  Figures  13,  14).  At  most  of 
these  sites  the  top  of  the  formation  is  Pleisto¬ 
cene  and  is  capped  by  Quaternary  calcareous  oozes, 
but  at  Site -9  the  formation  extends  only  to  the 
Early  Pliocene  and  is  capped  by  Upper  Pliocene  and 
Quaternary  oozes. 

Depositional  Environment .  The  greenish-grey  mud 
of  the  Blake  Ridge  Formation  was  probably  depo¬ 
sited  under  conditions  similar  to  those  which  now 
prevail  in  the  North  American  Basin,  particularly 
since  turbidite  deposition  appears  to  have  been 
sharply  reduced  since  the  Pleistocene.  Deeper 
areas  lay  below  the  CCD  and  only  rapid  deposition 


permitted  the  preservation  of  calcareous  fossils. 
Abyssal  currents  have  had  a  strong  effect  in 
transporting,  eroding,  and  depositing  sediments  of 
the  Blake  Ridge  Formation,  in  contrast  to  their 
limited  role  in  deposition  of  older  formations. 

The  effect  of  currents  is  most  pronounced  along 
the  deeper  part  of  the  continental  margin,  as 
indicated  by  variations  in  sediment  accumulation 
rates  at  Sites  101  to  106  (Table  20),  marked 
thickness  variations  (Table  16) ,  and  the  formation 
of  depositional  outer  ridges  (Heezen  et  nl., 

1966;  Ewing  and  Hollister,  1972;  Tucholke  and 
Ewing,  1974). 

The  Blake  Ridge  Formation  comprises  the  bulk  of 
the  present  continental  rise  and  therefore  is 
extremely  thick  (2-3  km)  in  this  region  (see 
Figure  5  of  Grow  and  Markl,  1977).  The  large 
thicknesses  result  from  proximity  to  terrigenous 
sources  and  from  the  activity  of  contour  following 
bottom  currents.  These  currents  have  pirated 
sediment  from  cross-contour  debris  flows  and 
turbidity  currents  and  have  transported  it  later¬ 
ally,  along  contours  (Hollister  and  Heezen, 

1972).  Thus  a  large  volume  of  sediment  has  been 
deposited  on  the  continental  rise  that  otherwise 
would  have  been  transported  beyond  the  rise  to  the 
deep  basin. 

Much  of  the  sediment  in  the  Blake  Ridge  For¬ 
mation  was  deposited  directly  from  turbidity 
currents.  At  the  Site  106  type  locality,  ponded 
turbidites  derived  from  the  continental  shelf 
during  Pleistocene  low  stand  of  sea  level  form  the 
upper  part  of  the  formation  (see  Figure  20  of 
Tucholke  and  Mountain,  1979).  Similar  turbidites 
occur  in  the  Sohm,  Hatteras,  Nares  and  Silver 
Abyssal  Plains.  The  mixed  terrigenous  and  bio¬ 
genic  graded  beds  of  Eocene  age  at  the  base  of  the 
Blake  Ridge  Formation  also  were  deposited  from 
turbidity  currents  presumably  originating  along 
the  continental  margin,  but  they  entrained  large 
volumes  of  pelagic  material  enroute  to  their 
depositional  locality.  Turbidite  deposition  on 
the  western  Bermuda  Rise  ceased  when  uplift  formed 
the  rise  in  the  Middle  to  Late  Eocene.  Locally 
redeposited  or  "pelagic"  turbidites  probably  were 
common  in  areas  with  irregular  morphology.  Facies 
variants  were  also  introduced  by  locally  signifi¬ 
cant  sediment  sources  (i.e.,  the  volcaniclastic 
turbidites  surrounding  3ermuda). 

Sediment  accumulation  rates  (Table  20)  varied  by 
an  order  of  magnitude  in  different  time  intervals 
at  individual  sites,  and  equally  large  between- 
site  variations  occur  among  sediments  deposited 
during  the  same  time  interval.  These  variations 
reflect  changing  patterns  of  provenance,  pro¬ 
ductivity,  bottom  currents  and  sea  level  fluc¬ 
tuations.  Fluctuations  in  turbidity-current 
activity  are  of  prime  importance  at  Sites  106, 

386,  387  and  388,  but  equally  large  variations  in 
accumulation  rate  at  Site  102  to  104  are  attri¬ 
buted  to  interactions  of  contour  currents  with 
their  cwn  depositional  topography  (Ewing  and 
Hollister,  1972).  The  maximum  accumulation  rates 


Figure  19.  Multiple  biosttatigraphy  of  Site  106 
Upper  continental  rise. 


TABLE  20.  SED1MEKT  ACCWKLATIMi  KATES  FOR  BLAKE  RIDGE  FORMATION 


Leg 

Sir* 

Rate 

Interval 

Age 

Resarks 

(■/10£ 

(■  sub- 

yra) 

bottom) 

11 

106 

200 

1-366 

Pleistocene 

Terrigenous 

turbidites 

43 

366-961 

Pliocene-Middle  Miocene 

2 

8 

11-17 

0-177 

Middle  Miocene (? > 
and  younger 

Recalculated 

2 

9 

21 

200-579 

Pliocene?- 

Includes  under- 

Late  Miocene? 

lying  chert 

li 

101 

23 

32-230 

Early  Pliocene-Late  Miocene 

11 

102 

137 

0-224 

Pleistocene 

90 

224-585 

Pliocene 

25 

585-6M 

Late  Miocene 

11 

103 

26 

2-47 

Early-Middle  Pliocene 

193 

47-449 

Middle- Late  Miocene 

11 

194 

18 

S-71 

Late  Miocene 

95 

71-315 

Middle- Late  Miocene 

195 

315-617 

Middle  Miocene 

11 

105 

17 

0-193 

Miocene-Holocene 

43 

382 

120 

0-232 

Quaternary 

Terrigenous 

turbidites 

6-8 

232-352 

Miocene- PI iocene 

Probable  hiatuses 
in  sequence 

43 

38S 

6 

0-134 

Pleistocene-Late  Miocene 

43 

386 

3 

<55-157 

Miocene 

45 

15?-? 

Late  Oligt'cae- 

Calcareous  and 

Ute  Eocene 

volcanic  turbidites 

19 

166-319 

Late  Oligocene- 
Ute  Eocene 

Volcanic  turbidites 

47 

319-409 

Middle-Late  Eocene  Biogenic  siliceous 

turbidj  tea 

26 

409-492 

Middle  Eocene 

Calcareous  turbidites 

A3 

387 

4 

0-100 

Plelatocene-Oligocene 

8 

aUO-178 

Late  Eocene 

>100 

178-724 

Early  Eocene 

Biogenic  siliceous 
turbidites 

44 

388 

45 

0-53 

Pleistocene 

Terrigenous 
turbidites  (in  part) 

30 

208-341 

Middle-Late  Miocene 

44 

391 

90 

0-147 

Quaternary 

9 

147-204 

Late  Miocene 

Int racist tic  chalk 

43 

204-400 

Middle  Miocene 

Intraclastlc  chain 

39 

400-649 

Early  Miocene 

Intradaatlc 

calculated  for  turbidity-current  and  bottom- 
current  deposition  (Sites  106  and  104,  respec¬ 
tively)  are  nearly  identical  at  200  m/m.y. 


Identifying  features.  The  predominantly  dark 
greenish-gray  color  of  the  hemipelagic  mud,  common 
terrigenous  components,  low  induration,  and 
frequent  occurrence  of  turbidites  and  mass-flow 
deposits  are  the  most  characteristic  features  of 
the  Blake  Ridge  Formation. 

Correlation  with  Other  Units.  The  Upper  Ter¬ 
tiary.  sediments  marginal  to  the  North  American 
Basin  are  terrigenous,  siliceous,  and  calcareous 
deposits  more  strongly  variable  in  composition 
than  the  Blake  Ridge  Formation.  On  the  Scotian 
Shelf  and  Grand  Banks,  the  Oligocene  and  Miocene 
rocks  are  dark  yellowish-brown  and  brownish-grey 
siliceous  mudstones  of  the  Bahquereau  Formation 
(Jansa  and  Wade,  1975a),  commonly  with  diatoms. 


radiolarians,  and  sponge  spicules.  The  mudstones 
are  lithologically  similar  to  Eocene-Oligocene 
radiolarian  mud  of  the  Blake  Ridge  Formation  at 
Site  387,  but  unlike  the  more  common  hemipelagic 
mud.  The  Upper  Tertiary  siliceous  mudstones  on 
the  shelf  reflect  cooling  of  the  shelf  water. 

This  did  not  influence  the  eastern  margin  of  the 
North  American  basin  where  yellowish-brown  nanno- 
fossil  and  foraminif ^ral  oozes  were  deposited 
contemporaneous ly  (lower  flank  of  the  Mid-Atlantic 
Ridge,  Site  10  and  11,  Peterson,  Edgar  et  al. , 

1970).  In  the  Baltimore  Canyon  Trough  region  on 
the  continental  shelf  (COST  3-2  well)  the  Oligocene- 
Miocene  section  is  1000  m  of  fine-grained  sand¬ 
stone  inter layered  with  clay  which  increases  with 
depth  from  about  25  percent  to  60  percent  (Rhode- 
hamel,  1977).  Diatoms  are  abundant  in  the  lower 
400  m  of  the  interval  (Poag,  1977).  Facies  that 
are  coeval  with  the  Blake  Ridge  Formation  else¬ 
where  along  the  U.S.  continental  shelf  include 
such  diverse  lithologies  as  terrigenous  gravels, 
sands,  silts,  clays  and  calcareous  sands;  admix¬ 
tures  of  biogenic  calcite  and  silica  are  highly 
variable  (Hathaway  et  al. ,  1976) . 


W  T8"  W 


Figure  20.  Location  of  borehole  and  piston  cores 

that  have  cored  Great  Abaco  Member,  and 
the  distribution  of  seismic  Horizon  M 
which  occurs  near  the  top  of  the  Great 
Abaco  Member  (thickness  in  metres  in 
parentheses) . 
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Great  Abaco  'iamL-.i. 

Massive  intervals  of  intraclastic  chalk  charac¬ 
terize  the  Great  Abaco  Member  of  the  Blake  Pidge 
Formation.  Great  Abaco  Canyon,  which  leads  from 
the  Blake  Plateau  into  the  Blake-Bahama  Basin,  may 
have  served  as  a  conduit  for  debris  flows  which 
deposited  the  intraclastic  chalk  and  related 
sediments. 

Type  Locality.  This  member  has  been  drilled 
only  at  Site  391  which  is  necessarily  the  type 
locality  (Table  18),  but  it  constitutes  a  mappable 
unit  because  it  can  be  traced  seismically  through¬ 
out  the  Blaks-Bahama  Basin.  The  validity  of 
seismic  correlations  has  been  verified  by  piston 
cores  at  several  localities  where  the  unit  is  near 
the  surface  (Figure  20;  Sheridan  ei  cl.,  1974). 

Light-grey  nannofossil  chalk  containing  intra¬ 
clasts  of  dark  greenish-grey,  olive-grey,  or 
bluish-grey  radiolarian  mudstone  is  the  charac¬ 
teristic  lithology  of  the  Great  Abaco  Member 
(Figure  16C).  A  few  intervals  of  intraclastic 
chalk  also  contain  lithoclasts  of  shallow-water 
limestone  (Figure  16B).  Interlayered  with  the 
massive  chalk  are  several  contrasting  lithologies: 
(1)  white,  uniform  carbonate  silt  (at  the  top  of 
the  member),  (2)  dark  olive-grey  radiolarian 
mudstone  identical  to  intraclasts  in  the  chalk, 
and  (3)  thin,  graded  beds  of  claystone  intraclasts 
with  erosional  bases  and  partial  Bouma  sequences. 

Nannofossils  occur  in  most  of  these  lithologies. 
Radiolarians  and  c’iatoms  ar<‘.  abundant  in  the 
mudstone  layers  and  intracl;"vsts.  Foraminifers  were 
found  in  the  chalk  matrix  an'l  the  carbonate  silt 
and  include  both  planktic  ar'l  benthic  forms  from 
shallow  and  deep-water  environments  ranging  in 
age  from  Cretaceous  to  Miocene. 

Sedimentary  structures  in  the  intraclastic  chalk 
include  a  few  cut-and-fill  surfaces,  low-angle 
inclined  laminae,  graded  intervals  and  rare 
burrows.  The  carbonate  silt  and  radiolarian 
mudstone  are  structureless. 

Contacts.  The  upper  contact  of  the  member  is  at 
147  m  subbottc.il  where  the  green-grey  mud  of  the 
Blake  R*  'ge  Formation  is  underlain  by  white, 
uniform  ,-arbonate  silt  (97  percent  CaCCh).  Tne 
lower  '  tact  is  at  649  m  subbottom  (Table  18). 

Here  lit'  :-grey  chalk  unconformably  overlies  a 
thin  interval  of  rusty-colored  variegated  clay- 
stone  ‘of  the  Piantagenet  Formation. 

Regional  Aspects.  Seismic  profiles  indicate 
that  the  500  m  thickness  of  the  Great  Abaco  Member 
cored  at  Site  391  is  fairly  constant  throughout 
the  Blake-Bahama  Basin.  However,  the  member 
pinches  out  abruptly  at  the  margins  of  the  basin, 
probably  against  the  normal  dark  greenish-grey 
muds  of  the  Elake  Ridge  Formation.  Dispersal  of 
debris  flows  was  apparently  confined  by  the  Blake- 
Bahama  Outer  Ridge. 

Acoustic  Character.  Tne  base  jf  the  member  at 
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Site  391  corresponds  to  the  Horizon  A  ,  which  is 
an  unconformity  at  this  location.  A  reflector 
termed  M  lies  60  m  below  the  top  of  the  member 
(Figure  6).  A  second  seismic  reflector  occurs 
within  the  member.  It  correlates  with  the  top  of 
thick  intraclastic  chalks  beneath  an  interval  oi 
radiolarian  mudstone  at  about  355  m  sub-bottom. 

Tne  Abaco  Member  can  be  traced  through  most  of  the 
Blake-Bahama  Basin  by  its  series  of  smooth, 
closely-spaced  internal  reflectors. 

Calculated  interval  velocities  are  2.50  km/s 
between  M  and  the  intermediate  reflector  and 
2.25  km/Sybetween  the  intermediate  reflector  and 
Horizon  A  (Figure  5).  The  average  shipboard 
velocities  measured  on  cores  for  these  intervals 
are  1.82  km/s  (range  1.66  to  2.24)  and  1.87  km/s 
(range  1.65  to  2.36). 

Age.  Based  on  study  of  radiolarians,  nanno¬ 
fossils,  and  for3minifera,  the  Great  Abaco  Member 
is  Early  Miocene  to  Late  Miocene  (Figure  21). 
Detailed  analysis  cf  both  the  intraclasts  and  the 
matrix  show  that  many  intraclasts  belong  to  the 
same  biozones  as  the  matrix  which  encloses  them. 

The  matrix  also  contains  reworked  Cretaceous  and 
Eocene  foraminifera  from  contrasting  deposit ional 
environments  (shallow  and  deep  water;  Benson, 
Sheridan  et  al. ,  1978). 

Depositional  Environment.  The  radiolarian 
mudstone  that  forms  interbeds  and  contributes  most 
of  the  clasts  pparently  represents  the  background 
sedimentation  and  was  deposited,  under  comparable 
environments  to  the  green-grey  mud  of  the  Blake 
Ridge  Formation.  Tne  other  sedimentary  components 
were  probably  deposited  from  turbidity  currents 
and  debris  flows.  Tne  matrix  of  the  intraclastic 
chalk  is  predominant .ly  of  pelagic  origin  but  was 
derived  from  a  va>’i  sty  of  older  unconsolidated 
units  and  contemporaneous  oozes  originally  depos¬ 
ited  in  shallower  water.  Shallow-water  sources 
also  contribute:,  consolidated  and  unconsolidated 
clascs.  Tne  indicated  sources  are  the  Blake 
Plateau  and  escarpment  for  the  pelagic  components 
and  the  Bahama  platform  for  shallow-water  car¬ 
bonates.  Flows  in  iginating  at  these  sources 
incorporated  unlii.hified  clasts  of  hemipelagic  mud 
from  the  basin  f 1< or.  Sediment  accumulation  rates 
of  9  a/m.y. ,  43  m/m.y.,  and  39  m/m.y.  were  cal¬ 
culated  for  Intervals  corresponding  roughly  to 
late  Middle  and  Early  Miocene  (Table  20). 

Summary 

Six  formations  and  two  members  are  formally 
defined  in  the  Mesozoic  and  Cenozoic  sediments  of 
the  North  American  Basin.  Drill-hole  and  seismic 
data  are  adequate  to  specify  the  lithofacies, 
contacts,  regional  aspects,  acoustic  character, 
physical  properties,  ages,  and  depositional  envi¬ 
ronments.  In  this  paper  we  have  compiled  these 
parameters,  but  have  avoided- detailed  discussion 
of  depositional  conditions  because  of  space  limita¬ 
tions.  The  reader  is  referred  to  Tucholke  and 
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Figure  21.  Multiple  biostratigraphy  of  Site  391A  located  in  Blake-Bahama  Basin. 


Mountain  (1979)  in  this  volume  for  broader  dis¬ 
cussion  of  paleoenvironments  based  on  both  seismic 
slLatigraphy  and  lithostratigraphy . 

The  distribution  of  sedimentary  formations 
within  the  North  American  Basin  is  shown  on  a 
schematic  geologic  cross  section,  which  parallels 
the  continental  margin  from  south  to  north  (A-B  on 
Figure  22)  and  outs  the  basin  latitudinally  from 
the  North  American  margin  toward  the  Mid  Atlantic 
Ridge  between  (B-C).  The  oldest  formation  defined 
in  the  North  American  Basin  is  the  Cat  Gap  Forma¬ 
tion.  It  consists  of  reddish-brown  and  greenish- 
grey  pelagic  argillaceous  limestone  of  Oxfordian- 
Tithonian  age  and  occupies  the  western  part  of  the 
basin  on  crust  older  than  about  anomaly  M-23.  It 
is  mappable  using  seismic  Horizon  C  which  may 
correspond  to  its  upper  contact.  The  overlying 
Blake-Bahama  Formation  is  light  grey  pelagic 
limestone  of  Tithonian-Barremian  age.  It  is 
mappable  as  the  acoustic  interval  between  seismic 
Horizon  3  and  Horizon  r,  and  pinches  out  eastwards 
on  oceanic  crust  ganevao-ly  of  Hauterivian  to 


Barremiau  age.  The  Hatteras  Formation  consists  of 
green-grey  and  black  shale  and  claystone  of 
Barremian-Cenomanian  age  and  commonly  has  a  high 
content  of  organic  carbon  derived  from  terri- 
geneous  and  marine  sources.  The  overlying  Planta- 
genet  Formation  is  varicolored,  locally  zeolitic 
clay  of  Late  Cenomanian  to  Paledcene  or  Early 
Eocene  age.  Low  accumulation  rates  and  local 
enrichment  in  metallic  ions  are  notable  charac¬ 
teristics  of  this  unit.  Within  this  formation 
Middle  to  Upper  Maastrichtian  marl  and  chalk  of 
the  Crescent  Peaks  Member  correlate  with  seismic 
Horizon  A*. 

The  two  formations  which  comprise  most  of  the 
Cenozoic  sediments  are  the  Bermuda  Rise  and  the 
Blake  Ridgrt  Formations.  The  Bermuda  Rise  Forma¬ 
tion  contains  chert  and  clayey  and  calcareous 
sediments  enriched  it  biogenic  silica.  It  is  of 
Late  Paleocene  to  Middle  Eocene  age.  The  top  of 
the  chert  correlates  with  seismic  Horizon  A  which 
is  widespread  in  the  North  American  Basin.  Most 
of  this  formation  is  absent  beneath  the  conti- 
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Figure  22.  Stratigraphic  cross-section  of  the  North  American  Basin.  Location  in  Figure  1. 


nental  rise  because  of  Late  Paleogene  or  Early 
Neogene  erosion  by  bottom  currents.  The  Blake 
Ridge  Formation  is  a  hemipelagic  grey-green  mud 
with  local  debris  flow  and  turbidite  deposits  of 
Middle  Eocene  to  Holocene  age.  Along  the  conti¬ 
nental  margin,  most  of  this  formation  is  of 
Miocene  age,  and  it  is  the  presence  of  these 
sediments  that  is  responsible  for  the  present 
morphologic  expression  of  the  continental  rise. 
Within  the  Blake  Ridge  Formation,  Miocene  intra- 
clastic  chalks  of  the  Great  Abaco  Member  were 
deposited  by  debris  flows  from  the  adjacent  Blake 
Plateau  and  Bahama  Banks.  This  member  is  confined 
to  the  Blake-Bahama  Basin  and  can  be  mapped  using 
seismic  reflector  M. 

The  sedimentary  evolution  of  the  basin  reflects 
the  interaction  of  factors  including  climate,  sur¬ 
face  and  abyssal  circulation,  biogenic  production, 
sea  level  changes  and  tectonic  events.  The  Cat 
Gap  and  Blake-Baliama  Formations  were  deposited 
near  or  above  the  CCD,  while  the  Hatteras  and 
Plantagenet  Formations  were  deposited  below  the 
CCD,  which  shallowed  significantly  during  the 
Barremian.  Temporary  but  sharp  deepening,  and 
rise  of  the  CCD  resulted  in  deposition  of  marl  and 
chalk  of  the  Crescent  Peaks  Member.  In  the  Ter¬ 
tiary,  the  Bermuda  Rise  and  Blake  Ridge  Formations 
were  deposited  mostly  below  the  CCD  (Figure  23) . 

Upper  Jurassic  and  Lower  Cretaceous  sediments 
(Cat  Gap  Formation,  Blake-Bahama  Formation)  are 
primarily  pelagic  limestone  sequences.  Local 
influx  of  mixed  bioclastic  and  terrigenous  debris 


occur  near  the  continental  margin,  but  most 
reworked  sediment  observed  in  boreholes  is  the 
result  of  local  slumping  and  fine-grained  turbi¬ 
dite  deposition.  Some  fine-scale  lensing  and 
lamination  in  these  sediments  may  represent 
reworking  by  weak  bottom  currents.  The  scarcity 
of  terrigenous  sediment  in  the  Oxfordian-Hauteri- 
vian  sedimentary  sequences  of  the  North  American 
Basin  reflect  low  precipitation  and  low  relief  of 
the  surrounding  land.  Extensive  carbonate  depo¬ 
sition  on  the  shelves,  also  noticeable  by  the 
presence  of  'shallow-water'  carbonate  turbidites, 
indicates  warm  climate. 

Gradual  replacement  of  carbonate  by  terrigenous 
sediment  on  the  North  American  shelf  occurred 
during  Tithonian-Berriasian  time,  but  this  change 
is  not  reflect  -d  in  the  deep  sea  basin  until  the 
Barremian.  Better  correlation  exists  between  an 
approximately  Hauterivian  termination  of  carbonate 
deposition  in  both  the  deep  sea  and  on  the  shelf. 
The  top  of  the  shelf  carbonates  on  the  north¬ 
western  shelf  of  the  North  American  Basin  is  an 
excellent  seismic  reflector  which  may  correlate 
with  seismic  horizon  0  of  the  deep  sea  basin. 

In  Valanginian  time  pulses  of  anoxic  condi¬ 
tions  began  in  the  basin  with  resulting  deposition 
of  dark  marly  chalk  and  calcareous  clay  beds  at 
the  top  of  the  Blake  Bahama  Formation.  This 
process  culminated  approximately  in  the  Barremian, 
with  the  establishment  of  alternating  anoxic  and 
low-oxygen  conditions  in  the  deep  basin.  Terres¬ 
trial  and  marine  organic  carbon  were  preserved 
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Figure  23.  Depth  variation  of  the  calcite  compensation  depth  (CCD)  through  the 
Mesozoic  and  Cenozoic  in  the  North  American  Basin,  from  Tucholke  and 
Vogt  (1979),  with  Site  391C  added.  Lithology  at  each  site  is  plotted 
along  seafloor  age  versus  depth  curves  for  that  site.  Site  391C  may 
have  experienced  anomalous  subsidence  because  of  its  position  near  the 
Blake  Plateau,  and  the  site  paleodepth  curve  depicted  may  be  too  deep. 
The  anomalously  deep  initial  ridge-crest  elevation  (3300  m) ,  the  pre¬ 
sence  of  aragonite  in  the  Jurassic  sediments,  the  early  cut-off  in 
reducing  (black  clay)  conditions  suggest  the  Mesozoic  part  of  the  curve 
should  be  at  least  600  m  shallower. 


beneath  stagnant  to  sluggishly  circulating  deep 
water,  but  surface  circulation  and  organic  produc¬ 
tivity  were  well  developed.  Much  of  the  calcar¬ 
eous  and  siliceous  biogenic  debris  found  locally 
within  the  Hatteras  Formation  probably  had  inter¬ 
mediate  residence  on  shallow  sea  floor  above  the 
CCD  (continental  margin,  mid-ocean  ridge  flank, 
seamounts)  before  being  rapidly  emplaced  in  the 
deep  basin  by  turbidity  currents.  Deposits  that 
are  synchronous  to  the  Hatteras  Formation  on  the 
North  American  Shelf  are  deltaic,  coal-bearing 
deposits,  which  may  explain  the  high  content  of 
plant  debris  in  the  Hatteras  Formation.  Lack  of  a 
similar  influence  of  Lower  Cretaceous  coal-bearing 
clastic  strata  on  the  deep-sea  deposits  may  be  due 
to  trapping  of  clastic  debris  behind  the  shelf 
edge  carbonate  platforms. 

Increased  deep-water  oxygenation  in  the  Late 
Cretaceous  (post-Cenomanian)  is  indicated  by  the 
Plantagenet  Formation  with  its  varicolored  clays 


and  metalliferous  deposits.  Accumulation  rates  in 
the  Plantagenet  Formation  were  very  low,  with  the 
influx  of  the  terrigenous  sediment  to  the  basin 
being  minimized  by  progressing  mid-Cretaceous 
transgression.  The  North  American  Basin  during 
Late  Cretaceous  was  sediment  starved. 

The  brief  period  of  chalk  deposition  during  the 
Maastrichtian  was  an  ocean-wide  event  which  also 
influenced  shelf  deposition.  The  chalks  on  the 
shelf  are  prominent  seismic  reflectors  approxi¬ 
mately  correlatable  with  the  seismic  Horizon  A*  of 
the  deep  North  American  Basin. 

During  Late  Paleocene  through  Middle  Eocene 
time,  deposition  of  biogenic  silica  predominated 
in  the  deep  North  American  Basin  below  the  CCD. 
and  mixed  calcareous-siliceous  .sediments  were 
deposited  in  shallower  depth.  Increased  produc¬ 
tivity  of  siliceous  organisms  during  this  time  may 
reflect  enhanced  circulation  and  upwelling  in 
response  to  cooler  climates.  High  productivity 
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zones  were  probably  well  developed  along  the 
circura-global  'equatorial'  flow  through  the 
Tethys,  North  Atlantic  and  Pacific  Oceans,  and 
biogenic  silica  production  may  have  been  accen¬ 
tuated  by  Eocene  volcanism  (Berggren  and  Hollister, 
1974;  Gibson  and  Towe,  1971). 

Turbidites  originating  from  the  continental  mar¬ 
gin  and  deposited  on  a  regional  scale  first  became 
important  in  the  Paleocene,  and  by  the  Eocene  they 
reached  the  Bermuda  Rise  region.  Turbidites  on 
the  Bermuda  Rise  predate  formation  of  the  Rise  in 
the  Middle  to  Late  Eocene  and  they  form  parts  of 
the  Bermuda  Rise  and  Blake  Ridge  Formations. 
Volcaniclastic  turbidites  derived  from  weathering 
of  the  Bermudian  volcanic  basement  were  deposited 
around  the  pedestal  in  Late  Eocene  and  Oligocene 
time.  In  the  Blake-Bahama  Basin  a  series  of 
debris  flows  incorporated  pelagic  shelf  carbonates 
and  hemipelagic  mud,  and  formed  a  thick  sedimen¬ 
tary  sequence  spanning  most  of  Miocene.  Coarser- 
grained  terrigeneous  sediment  has  been  deposited, 
mostly  during  the  Late  Pliocene  and  Pleistocene, 
in  pockets  along  the  continental  rise  and  in  the 
modern  abyssal  plains  by  turbidity  currents. 

These  turbidites  and  debris  flow  deposits  all  form 
facies  variations  within  the  Blake  Ridge  Forma¬ 
tion. 

Bottom-current  activity  markedly  affected  the 
sedimentary  record  in  the  Late  Cenozoic.  A  major 
unconformity  was  eroded  into  the  continental  rise 
some  time  between  Late  Eocene  and  the  earliest 
Miocene,  excavating  Lower  Cretaceous  sediments. 
Rapid  hemipelagic  deposition  controlled  in  large 
part  by  bottom  currents  has  dominated  the  sedi¬ 
mentary  record  since  the  Early  Miocene.  The 
present  continental  rise  and  depositional  outer 
ridges  were  formed  in  this  regime. 
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Abstract.  Single  channel  and  multichannel 
seismic  profiles  together  with  DSDP  borehole 
results  from  the  North  American  Basin  have 
been  studied  to  determine  the  nature  and 
distribution  of  major  seismic  reflectors  and 
the  implications  of  their  lithologic  and  age 
correlations  for  paleosedimentation.  Two 
reflectors  observed  west  of  the  Blake  Spur 
magnetic  anomaly  that  have  not  been  sampled 
by  drilling  are  presumed  to  be  older  than  175 
m.y.  The  volume  and  reflection  character  of 
sediments  beneath  these  horizons  indicate 
that  the  Early  Jurassic  basin  received  large 
amounts  of  terrigenous  and  bioclastic  sedi¬ 
ment  from  debris  flows  and  turbidity  cur¬ 
rents.  An  overlying  group  of  reflectors 
onlaps  and  masks  progressively  younger  basal¬ 
tic  basement,  constituting  Horizon  B  in  the 
southwest  corner  of  the  basin.  These  reflec¬ 
tors  may  be  high-velocity  sediments  derived 
from  the  south  and  west  and  deposited  on 
relatively  smooth  basaltic  basement  formed 
prior  to  anomaly  M-23  (Late  Jurassic) .  The 
oldest  sediments  yet  cored  in  the  basin 
immediately  overlie  Horizon  B  and  are  lime¬ 
stones  of  Oxfordian  (Late  Jurassic)  age.  In 
contrast  to  the  seafloor-leveling  nature  of 
pre-Horizon  B  sediments,  these  limestones  are 
dominantly  pelagic,  although  seismic  mapping 
shows  some  evidence  of  mass-flows  and  cur¬ 
rent-controlled  deposition.  Marly  interbeds 
and  chert  within  the  limestones  probably 
cause  the  acoustic  laminae  seen  in  the 
overlying  section,  which  extends  upward  to 
Horizon  8  of  Hauterivian  to  Barremian  (Early 
Cretaceous)  age.  A  uniformly  thin  layer  (y 
100  m)  cf  black  clay  overlies  Horizon  8  in 
the  deep  basin,  but  thicker  accumulations 
occur  near  the  continental  margin.  Inter¬ 
mittent  deep-basin  stagnation  with  restricted 
terrigenous  input  characterized  "black-clay" 
deposition  up  to  the  end  of  the  Ceno^inian. 
Sustained  de-p-water  oxygenation  resumed  in 

*Also  Department  of  Geological  Sciences, 
Columbia  University,  New  York,  New  York  10027 
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the  Late  Cretaceous  and  multicolored  peiagic 
clays  were  deposited,  but  no  significant 
seismic  reflector  separates  these  sediments 
from  the  underlying  black  clays.  A  rapid, 
brief  depression  of  the  ealcite  compensation 
depth  beginning  in  the  middle  Maestrichtian 
allowed  carbonate-rich  sediments  to  accumu¬ 
late  in  the  deepest  portions  of  the  basin, 
and  these  correlate  with  the  widely  distri¬ 
buted  Horizon  A*. 

The  reflecting  sequence  originally  termed 
"Horizon  A"  actually  is  a  complex  series  of 
reflectors,  several  of  which  are  widespread 
and  have  consistent  lithologic  correlations. 
Horizon  AC  is  the  lowermost  and  most  promi¬ 
nent  reflector;  it  correlates  with  upper- 
lower  to  lower-middle  Eocene  cherts  that  are 
formed  within  tuvbidites  :  neath  the  western 
Bermuda  Rise  and  in  variable  facies  else¬ 
where.  The  overlying  Horizon  AT  marks  the 
top  of  the  acoustically  laminated  siliceous 
turbidites  that  reached  the  western  Bermuda 
Rise  before  regional  uplift  formed  the  rise 
in  the  middle  to  late  Eocene.  Above  this 
level.  Horizon  correlates  with  volcani- 
clastic  turbidites  that  were  dispersed  from 
Bermuda  for  distances  up  to  200  km  and  that 
document  late  Paleogene  subaerial  erosion  of 
the  volcanic  pedestal.  Horizon  A^  is  an 
unconformity  along  the  western  margin  of  the 
basin  that  was  eroded  by  bottom  currents 
between  late  Eocene  and  early  Miocene  time. 
Westward  under  the  continental  rise.  Horizon 
Au  progressively  truncates  Horizons  AT,  Ac, 

A*  and  older  sediments  down  to  Horizon  8. 
Miocene  and  younger  sediments  above  AL'  and 
above  laterally  equivalent  reflectors  have  an 
acoustic  character  that  shows,  for  the  first 
time  in  the  history  of  the  basin,  both  marked 
as.d  widespread  control  of  depositional  patterns 
by  deep  circulation. 

Introduction 

Continuous  seismic  reflection  profiles  are 
one  of  the  most  valuable  sources  of  data 
available  to  the  marine  geologist  for  studying 


the  sedimentary  evolutiou  of  ocean  basins. 

In  the.  absence  of  borehole  control,  the 
profiles  alone  yield  information  on  sediment 
thickness,  probable  sediment  source  areas, 
mode  of  deposition,  and  tectonic  and  ero- 
sional  events.  Deep-sea  boreholes  provide 
litiicstratigrephic  and  chronostratigraphic. 
frameworks  at  points  along  the  pr. files,  and 
to  a  first  approximation  the  profiles  extend 
this  stratigraphic  information  to  regional 
scales. 

In  1975  we  began  an  intensive  program  to 
correlate  the  results  of  JOIDES  boreholes  in 
the  western  North  Atlantic  with  seismic 
profiler  sections  across  the  drillsites 
(Figures  1  and  2) ,  to  map  the  major  seismic 
reflectors  according  to  character,  distri¬ 
bution  and  intrahorizon  thickness,  and  to 
determine  paleosedimentation  patterns  in  the 
basin.  Preliminary  results  of  these  investi¬ 
gations  have  been  given  by  Tucholke  (1976, 
1979),  Tucholke  and  Mountain  (1977a, b),  and 
Mountain  and  Tucholke  (1977) .  In  this  paper 
we  discuss  the  most  extensive  seismic  re¬ 
flectors  in  the  North  American  Basin  and  the 
implications  of  their  correlations  with 
JOIDES  borehole  results.  This  data  is  used  to 
determine  aspects  of  the  sedimentary  history 
of  the  basin  seaward  of  the  continental 
slope-  The  study  is  limited  largely  to  the 
basin  south  of  the  New  England  Seamounts 
because  there  is  no  adequate  borehole  control 
north  of  the  seamounts  and  oecause  the  geolo¬ 
gic  significance  of  most  reflectors  there 
still  is  uncertain. 

The  seismic  data  used  for  this  study  include 
Lamont-Doherty  (L-DGO)  small  and  large-volume 
airgun  profiles,  U.S.  Geological  Survey  open- 
file  multichannel  seismic  (MCS j  lines,  the 
IPOD-USGS  MCS  line  (Grow  and  Markl,  1977),  a 
University  of  Texas  (UTMS1)  MCS  line  across 
the  Blake  Outer  Ridge  (Buffler  and  others, 
1978)  and  other  miscellaneous  single-channel 
data  (Figure  2).  Recently  acquired  L-DGO 
large-volume-airgun  profiles  across  the  Blake 
Outer  Ridge  helped  confirm  our  tracing  of 
deeper  reflectors  there  (Bryan  and  Markl, 
unpub.  data). 

Lamont-Doherty  records  span  the  time 
interval  from  che  development  of  the  seismic 
profiler  for  use  in  the  deep  sea  (Ewing  and 
Tirey,  1961)  to  the  present.  Early  explosion 
records  defined  gross  sediment  structure, 
sediment  distribution,  and  some  of  the  major 
reflectors  in  the  basin  (Ewing  and  Ewing, 

1962,  1963).  In  mid-1964  a  pneumatic  sound 
source  (airgun)  replaced  the  explosives. 

Since  that  time  airgun  sound  sources,  recor¬ 
ding  technology,  and  reflector  definition 
have  continually  improved.  Several  of  the 
Lamont-Doherty  profiler  lines  acquired  in  the 
western  North  Atlantic  in  the  last  three 
years  are  24-fold  conmon-depth-point  MCS 
data.  Our  interpretations  axe  based  on  study 


of  full-size  records  of  the  highest  quality 
available  in  each  area.  In  areas  of  lower 
data  density,  older  records  of  lesser  quality 
were  used  to  help  map  general  sediment  dis¬ 
tribution  patterns.  Profiles  reproduced  in 
this  paper  were  selected  to  illustrate  the 
greatest  number  of  major  reflector  rela¬ 
tionships  withir.  reasonable  size  limitations, 
and  they  consequently  may  not  represent  the 
best  available  data. 

Partly  because  of  improved  record  quality 
and  partly  because  of  expanding,  world-wide 
data  acquisition,  the  ncmenclature  applied  to 
prominent  seismic  horizons  has  undergone  a 
somewhat  tortuous  development  (see  Tucholke, 
1979).  In  this  paper  we  use  a  form  of  the 
general  nomenclatural  system  that  has  de¬ 
veloped  historically  (A,g,B,  etc.).  However, 
we  recogviize  that  any  system  with  an  alpha¬ 
betic  or  numeric  basis  is  destined  to  become 
tediously  complex  and  thus  of  dubious  value 
as  improved  recording  technology  defines  more 
and  more  geologically  significant  reflectors 
between  reflectors  already  named.  The  de¬ 
velopment  of  a  non-alphanomeric  nomenclatural 
system  i  *d  other  seismic  stratigraphic  prin¬ 
ciples  is  sorely  needed,  and  we  presently  are 
planning  a  workshop  on  seismic  stratigraphy 
to  deal  with  these  problems. 

We  have  treated  the  seismic  stratigraphy 
separately  from  lithostratigraphy  and  chrono- 
stratigraphy.  However,  as  will  become  evident 
in  succeeding  pages,  many  deep-basin  seismic 
horizons  have  remarkably  consistent  age  and 
lithologic  correlations,  probably  because 
major  changes  in  sedimentation  (and  thus  in 
acoustic  impedance)  occurred  on  a  basin-wide 
scale,  especially  during  the  Mesozoic.  In 
the  following  pages,  we  discuss  the  sedi¬ 
mentary  evolution  of  the  North  American  Basin 
from  the  Lower  Jurassic  to  the  present  based 
on  seismic  and  lithostratigraphic  data. 
Stratigraphic  relationships  are  summarized  in 
Table  1. 

The  Deepest  Reflectors 

The  development  of  iarge-veluae  airguns  and 
MCS  recording  technology  has  greatly  increased 
our  knowledge  of  the  seismic  stratigraphy  in 
the  oldest,  most  deeply  buried  parts  of  the 
western  basin.  In  the  MCS  profiles  across 
the  continental  rise,  there  are  two  major, 
deep  reflectors  (solid  arrows.  Fig.  3)  that 
cannot  be  tied  to  existing  JOIDES  boreholes. 

On  the  segment  of  the  KCS  line  that  is  illus¬ 
trated,  the  deeper  reflector  caps  highly 
reflective  layers  that  infill  basement  de¬ 
pressions,  and  it  does  not  extend  seaward 
much  beyond  shot  point  (SP)  2000.  Landward 
along  the  same  profile  the  sediment  thickness 
beneath  the  reflector  increases  markedly  to 
0.7  sec,  or  more  two-way  reflection  time  (1575 
m  at  Vv,  =  4.5  km/sec)  before  it  is  lost  in  a 
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diapiric  complex  beneath  the  continental 
slope  (see  Grow  and  rtarkl,  1977). 

About  1600  in  (G.6  to  0.8  secs)  above  this 
deep  reflector  is  another  well  defined  re¬ 
flector.  Toward  the  west  it  occurs  within  an 
acoustically  laminated  sequence,  but  it 
emerges  seaward  as  the  top  of  a  0.15  sec- 
thick  interval  of  strong,  closely  spaced 
reflectors.  It  appears  to  terminate  abruptly 
at  a  sharp  rise  in  basement  (SP  2660) ,  al¬ 
though  an  intermittently  observed,  flaT.-lyipg 
reflector  just  above  basement  farther  seaward 
could  be  correlative.  This  reflector  pinches 
out  at  a  similar  basement  step  observed  in 
other  USGS,  UTMS1,  and  LDGO  MCS  lines  across 


the  continental  margin  and  in  numerous  single 
charnel  profiles;  in  the  latter,  however,  the 
reflector  seldom  is  well  defined.  The  base¬ 
ment  step  correlates  with  the  landward  edge 
of  the  Blake  Spur  magnetic  anomaly  (Schouten 
and  Klitgord,  1977),  and  it  appears  to  be 
both  an  original  and  isochronous  feature  of 
the  basaltic  crust  (see  Figure  8). 

Because  the  upper  reflector  pinches  out 
near  the  Blake  Spur  Anomaly,  underlying 
sediments  probably  are  older  than  about  175 
<a.y.  (Shipley  and  others,  1978).  The  rever¬ 
berant  ciiaracter  and  level  attitude  of 
reflectors  in  this  interval  indicate  that  the 
sediments  probably  are  terrigenous  and  bio- 
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Figure  2.  Track  control  for  seismic  profiles  studied.  Tracks  for  L-DGO  explosion 
records  and  some  non-L-DGO  single-channel  profiles  not  shown. 


clastic  debris  derived  from  the  contii.  ■  .al 
margin  and  deposited  by  turbidity  currents 
and  debris  flows.  The  sediments  correlating 
with  the  deeper,  highly  reflective  ser  lence 
may  include  relatively  coarser  clastic  debris 
of  Early  Jurassic  age  derived  from  the  youth¬ 
ful  continental  margin.  These  inferences  are 
supported  by  a  calculation  of  sediment  accu-- 
mulation  rates.  Near  the  continental  slope, 
more  than  3.2  km  of  sediment  underlie  the 
upper  reflector.  If  initial  deposition  in 
the  basin  began  about  190  m.y.B.P.,  then  the 
sediments  accumulated  at  average  rates  exceed¬ 
ing  210  m/m.y.  These  rates,  even  uncorrected 
for  sediment  compaction,  are  an  order  cf 
magnitude  higher  than  normal  pelagic  accu¬ 
mulation  rates  and  suggest  a  large  influx  of 
dtci-iiax  matcrlax. 


The  Nature  of  Horizon  B 

In  the  region  of  Cat  Gap  (Figure  1)  Ewing 
and  others  (1966)  recognized  acoustic  base¬ 
ment  having  an  unusually  smooth  surface.  To 
distinguish  it  from  typically  rugged  volcanic 
basement,  they  named  it  Horizon  B.  The 
horizon  is  easily  identified  as  a  strong, 
prolonged  reflector  in  the  vicinity  of  DSDP 
Site  iOO  (Figure  A),  where  it  is  as  shallow 
as  5600  m  below  sea  level.  Further  south. 
Horizon  B  is  interrupted  by  a  fracture  zone 
and  it  rises  to  about  5200  m  at  Site  99 
(Figure  5).  To  the  east  and  north.  Horizon  ji 
descends  to  nearly  6000  m. 

On  the  basis  of  extensive  mapping  and 
cross-correlation  of  reflectors  in  this 
region,  it  appears  that  Horizon  B  actually  is 
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formed  by  several  closely  spaced  deep  reflec¬ 
tors  that  onlap  and  mask  basaltic  basement 
(Figure  4);  thus  Horizon  B  is  diachronous. 

In  Figure  5  the  shaded  regions  show  the  known 
distribution  of  Horizon  B.  Farther  west, 
many  of  the  basement -masking  reflectors  rise 
far  enough  that  th^  underlying,  more  irre¬ 
gular  basaltic  sur-ace  is  observed.  Because 
Horizon  B  is  a  basement-masking  phenomenon, 
its  definition  in  seismic  profiles  is  largely 
a  function  of  recording  technology;  that  is. 
Horizon  B  often  will  be  penetrated  to  reveal 
irregular  underlying  crust  in  profiles 
acquired  with  high-energy  sound  sources. 

It  is  important  to  note,  however,  that 
where  probable  true  oceanic  basement  (layer 
2)  can  be  observed  west  of  about  anomaly  M- 
23,  its  surface  roughness  is  subdued  compared 
to  that  of  younger  crust.  This  also  is 
observed  in  most  MCS  lines  across  the  con¬ 
tinental  rise.  The  subdued  irregularity  may 
be  related  to  faster  seafloor  spreading  prior 
to  the  time  of  anomaly  M-23,  and  it  probably 
aided  in  the  formation  of  smooth  acoustic 
basement  by  facilitating  dispersal  of  base¬ 
ment-masking  sediments . 

In  the  sequence  of  deep  reflectors  that 
approach  and  in  places  mask  basaltic  basement, 
the  uppermost  reflector  can  be  traced  with 
reasonable  confidence  from  the  Cat  Gap  area 
1000  km  north  ko  the  IPOD  line  (dashed  arrow. 
Figures  3,  4,6).  In  both  areas  the  reflector 
can  be  followed  eastward  to  a  pinchout  on 
crust  of  anomaly  M-23  age  (Oxfordian-Kimmerid- 
gian)  or  slightly  younger.  This  reflector 
also  was  penetrated  at  DSDP  Site  100,  where 
it  correlates  with  Kimmeridgian  to  Tithonian- 
age  limestones,  in  good  agreement  with  the 
pinchout  age  (Figure  4) . 

One  of  the  drilling  objectives  at  Site  100 
was  to  determine  the  nature  of  Horizon  B. 
Although  basalt  was  recovered  at  the  level  of 
the  horizon  (Hollister,  Ewing,  and  others, 
1972) ,  this  unfortunately  does  not  resolve 
the  origin  of  Horizon  B  because  the  site  was 
located  on  the  flank  of  an  acoustic  basement 
high.  Had  the  drillsite  been  located  in  an 
adjacent  smooth-basement  swale,  we  suspect 
that  it  would  have  encountered  highly  reflec¬ 
tive  sediments  directly  overlying  and  seis- 
mically  masking  basalt. 

Carbonate  Deposition  Below  Horizon  $ 

Numerous  closely  spaced  reflectors  lie  0.2 
to  0.4  secs.  ('V  200  to  400  m)  above  Horizon  B 
in  the  Cat  Gap  region,  and  these  in  turn  are 
overlain  by  an  acoustically  non-laminated 
interval.  The  top  of  the  group  of  closely 
spaced  reflectors  was  named  Horizon  6  by 
Ewing  and  others  (1966)  (Figures  4,  6,  7). 

Horizon  6  and  the  underlying  laminated 
sequence  generally  are  conformable  to  deeper 
reflectors.  Horizon  3  can  be  traced  from  the 
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Figure  4.  Seismic  profile  near  Site  100;  location  in  Figure  5.  Note  that  deep  reflectors 
onlap  and  mask  probable  basaltic  basement,  compositely  forming  smooth  acoustic  basement 
(Horizon  B) . 


Cat  Gap  area  to  the  north  and  west  beneath 
the  central  continental  rise.  Landward,  it 
becomes  increasingly  difficult  to  distinguish 
from  other  flat-lying  reflectors  that  are  not 
observed  toward  the  east.  Traced  to  the  east 
beneath  the  western  Bermuda  Rise,  Horizon  8 
also  is  conformable  to  the  underlying  base¬ 
ment,  suggesting  pelagic  accumulation  of  pre- 
B  sediments.  The  reflector  pinches  out  on 
crust  of  anomaly  M-ll  to  M-4  age  (late  Valan- 
ginian-Barremian)  near  the  latitude  of  Bermuda, 
but  farther  south  it  extends  onto  crust 
possibly  as  young  as  !!-2  (Barremian)  age 
(Figure  8) . 

The  sedimentary  section  below  Horizon  B  has 
been  drilled  at  8  sites  (Figure  8) .  It 
everywhere  corresponds  to  chalks  and  lime¬ 
stones  of  Hauterivian/Barremian  age  (Early 
Cretaceous)  and  older,  in  good  agreement  with 
the  B  pinchout  age.  At  Site  100,  which  thus 
far  has  penetrated  the  oldest  sediments  in 
the  North  American  Basin,  the  carbonates 
below  Horizon  B  continue  down  at  least  to  the 
Oxfordian  (Hollister,  Ewing,  and  others, 

•1972) .  There  are  three  major  color  and 
compositional  variants  in  these  limestones, 
consisting  of  (from  the  top)  light  gray  lime¬ 
stone,  reddish-brown  argillaceous  limestone, 
and  gray-green  limestone.  The  upper  facies 
has  been  defined  as  the  Blake-Bahama  Forma¬ 
tion  and  the  lower  two  facies  as  the  Cat  Gap 
Formation  (Jansa  and  others,  1979).  Benson, 
Sheridan  and  others  (1978)  have  correlated 
the  top  of  the  Cat  Gap  Formation  with  a 
reflector  termed  Horizon  C;  however,  we  have 
not  yet  satisfied  ourselves  that  contacts 
between  these  lithofacies  correlate  with  any 
of  the  reflectors  below  Horizon  B>  Marly 
interbeds  and  high-impedance  quartzose 


cherts  are  common  in  the  limestones  below 
Horizon  B  at  most  drillsites,  and  they  pro¬ 
bably  account  for  a  majority  of  the  reflec¬ 
tors. 

The  distribution  of  sediment  thick  ess 
below  Horizon  B  (Figure  8)  indicates  that  the 
continental  margin  was  a  major  source  for 
sediments  up  through  the  Early  Cretaceous , 
and  numerous  smooth  reflectors  in  the  sedimentary 
sequence  suggest  that  the  sediments  were 
deposited  from  turbidity  currents  and  deoris 
flows.  However,  the  Upper  Jurassic  to  Lower 
Cretaceous  limestones  cored  from  levels 
beneath  Horizon  B  at  most  drillsites  exhibit 
sedimentary  structures  that  suggest  domj- 
nantly  pelagic  deposition  interrupted  only  by 
locally  derived  "pelagic  turbidites"  (Lancelot 
and  others,  1972).  The  discrepancy  between 
the  seismic  and  core  data  can  be  explained  in 
two  ways.  First,  in  the  Cat  Gap  region  and 
probably  elsewhere  along  the  continental 
margin,  seafloor -leveling  processes  such  as 
those  that  formed  Horizon  B  provided  a  rela¬ 
tively  flat  surface  for  subsequent  deposition 
of  pelagic  carbonates.  Pelagic  deposition  on 
this  substrate  would  produce  smooth  bedding 
pianes  suggestive  of  turbidite  deposition  in 
reflection  profiles.  A  second  explanation  is 
found  in  the  placement  of  DSDP  boreholes. 

Site  105,  for  example,  was  drilled  on  one  of 
several  basement  swells  near  35°N  (Figure  8) , 
and  the  pelagic  sedimentary  record  below 
Horizon  B  at  this  site  therefore  may  not  be 
representative  of  sediments  in  the  surround¬ 
ing  areas.  Seismic  profiles  in  this  region 
show  that  pre-B  reflectors  lap  onto  the 
flanks  of  the  basement  swells  and  suggest 
chat  much  of  the  sedimentary  section  was 
deposited  from  turbidity  currents. 
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Figure  6.  Seismic  profile  across  Site  101  on  the  southern  Bahama  Outer  Ridge.  Location 
in  Figure  5. 


Blake  Plateau  were  well  established  in  Late 
Jurassic  to  Early  Cretaceous  time  (Meyerhoff 
and  Hatten,  1974;  Catalano  and  others,  1975), 
and  they  may  have  extended  much  farther 
north.  It  is  clear  that  clastic  sources  only 
were  reduced  and  not  stopped,  because  the  top 
of  the  Blake-Bahama  Formation  at  Site  391 
(Figure  8)  includes  abundant  sandy  turbidites 
(Jansa  and  others,  1979),  Similar  reduction 
in  sediment  supply  probably  occurred  farther 
north  along  the  margin,  thus  shifting  the 
boundary  between  dominantly  clastic  and 
dominantly  pelagic  deposition  toward  the  west. 

The  pelagic  accumulation  of  limestones 
below  Horizon  8  in  the  Cat  Gap  region  was 
interrupted  by  obvious  leasing  and  differ¬ 
ential  accumulation  (Figures  7,  9).  From  an 
apparent  source  west  of  the  northeast-trend¬ 
ing  San  Salvador  basement  ridge,  sediments 
were  distributed  north  and  east  around  the 
end  of  the  ridge  in  a  manner  very  much  like 
bottom-current-controlled  deposition  on 
modern  sediment  drifts.  The  drift-like 
deposit  is  flanked'  on  the  north  by  a  thinned 
zone  of  attenuated  sedimentation.  On  the 
busis  of  these  data,  we  suggest  that  bottom 
currents  were  active  in  the  Late  Jurassic  to 
Early  Cretaceous  (Neccorcian) .  Although  the 
general  deep  circulation  may  have  been  weak, 
currents  probably  were  intensified  by  the 
steep  topography  of  the  San  Salvador  ridge. 

The  strong  change  in  acoustic  character  of 
sediments  observed  at  the  level  of  Horizon  8 
across  most  of  the  basin  corresponds  to  an 
equally  marked  change  in  the  composition  of 
the  sediments.  In  contrast  to  the  acousti¬ 
cally  laminated  limestones  below  Horizon  8, 
the  overlying  sediments  are  acoustically  non- 
laoinated  and  they  correlate  with  green-gray 
and  black  mudstones  (hereafter  termed  black 
clays)  beneath  multicolored  claystones. 

Horizon  8  resulted  from  a  rise  in  the 
calcite  compensation  depth  (CCD) ,  and  the 
overlying  black  clays  were  deposited  below 
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the  CCD  in  an  intermittently  anoxic  environ¬ 
ment  (Tucnolke  and  Vogt,  1979).  As  noted 
earlier,  the  location  of  the  eastward  pinch- 
out  of  Horizon  8  suggests  that  the  reflector 
becomes  younger  toward  the  southern  part  of 
the  basin.  Horizon  8  cannot  be  traced  east¬ 
ward  as  far  as  Sites  417D  and  418A  on  the 
southern  Bermuda  Rise  (Figure  8) ,  but  drill¬ 
ing  results  there  support  the  idea  that 
carbonate  deposition  persisted  longer  in  the 
southern  part  of  the  basin.  The  sites, 
located  on  crust  of  M-0  (Aptian)  age,  re¬ 
covered  a  few  meters  of  Aptian  nannofossil 
chalk  overlying  basalt  and  beneath  the  black 
clays  (Donnelly,  Francheteau,  and  others, 
1977;  Bryan,  Robinson  and  others,  1977). 
Aptian  crust  has  not  been  drilled  farther 
north  so  we  do  not  know  if  carbonates  of 
similar  age  and  paleodepth  occur  there. 
However,  persistence  of  carbonate  deposition 
in  the  south  is  a  distinct  possibility,  and 
it  could  have  resulted  from  either  elevated 
crust  or  a  delayed  rise  in  the  CCD.  In  the 
latter  instance,  high  surface  productivity 
associated  with  westerly  circum-global  equa¬ 
torial  currents  through  the  Tethys,  southern 
North  Atlantic  and  Pacific  (Berggren  and 
Hollister,  1974)  could  have  prolonged  the 
rise  of  the  CCD. 


Horizon  8  To  Horizon  A*:  Black  And 
Multicolored  Clays 

The  weakly  or  discontinuously  reflective 
sequence  of  sediments  overlying  Horizon  8  is 
0.1  to  0..7  sec  thick  throughout  most  of  the 
basin.  This  sequence  is  capped  by  one  of  two 
regionally  important  reflectors:  1)  Horizon 
A^,  which  is  an  erosional  unconformity  de¬ 
veloped  during  the  mid-Tertiary  along  the 
continental  margin  (Figures  6,7;  see  later 
discussion) ,  or  2)  Horizon  A*  which  corre¬ 
lates  with  a  bed  of-Maestrichtian  chalks  and 
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Figure  7.  Seismic  profiles  showing  lensir.g  beneath  Horizon  £5  in  the  Cat  Gap  area.  Smooth 
acoustic  basement  is  Horizon  B.  Horizon  AU  is  at  seafloor.  Scale  bars  =  20  km.  Loca¬ 
tions  in  Figure  9. 


limestones  east  of  the  continental  margin 
(Figure  10) . 

The  interval  between  Horizon  3  (or  basaltic 
basement)  and  A*/A^  has  been  drilled  at  12 
sites  where  both  seismic  boundaries  have  been 
identified  (Figure  11) .  The  interval  con¬ 
tains  Hauterivian  to  Cenomanian/Turonian 
black  clays  as  well  as  overlying  Upper  Creta¬ 
ceous  multicolored  clays,  and  there  is  no 
well  defined  reflector  separating  these 
lithofacies  (Tucholke,  1979). 

The  "black  clays"  (Hatteras  Formation; 

Jansa  and  others,  1979)  consist  of  finely 
laminated  black  mudstones  interbedded  with 
moderately  burrowed  gray-green  mudstones,  and 
they  were  deposited  under  anoxic  to  poorly 
oxygenated  deep-basin  conditions,  respective¬ 
ly.  Similar  dark  gray  marly  beds  locally 
occur  within  the  limestones  below  Horizon  3, 
beginning  as  early  as  the  Valanginian.  There 
continues  to  be  a  lively  debate  about  the 
cause  and  extent  of  the  anoxic  conditions. 


By  studying  the  distribution  of  black-clay 
deposition  along  drillsite  age/depth  curves, 
Tucholke  and  Vogt  (1979)  determined  that 
euxinic  sediments  were  deposited  intermit¬ 
tently  below  3200  m  in  the  entire  North 
American  Basin  from  Barremian  through  Ceno¬ 
manian  time.  They  also  argued  on  the  basis  of 
sedimentological  and  geochemical  data  that 
reducing  conditions  characterized  the  entire 
deep  water  column,  not  just  the  subsurface 
sediments.  For  these  reasons,  it  was  con¬ 
cluded  that  the  North  Atlantic  deep  circula¬ 
tion  was  severely  restricted,  possibly  be¬ 
cause  of  barriers  to  deep  flow  in  the  Pana¬ 
manian  and  Tethyan  regions. 

Near  the  beginning  of  the  Turonian,  the 
North  American  Basin  age-'n  received  oxyge¬ 
nated  deep  water,  but  the  CCD  remained 
shallow  and  only  pelagic  multicolored  clays 
were  deposited  (Lancelot  and  others,  .’.972; 

Tucholke  and  Vogt,  1979).  These  multicolored 
clays  have  been  defined  as  the  Plantagenet 

TUCHOLKE  67 


25‘ 


24' 


THICKNESS  OF 
SEDIMENTS  BELOW 
HORIZON  (3 

(IN  METERS) 


^  BASEMENT  PEAKS 
”  INTERRUPTING  SED. 

jS-  not  interrupting 

^>9  OUTCROP 
•  DSDP  SITE 
*-"*  SEISMIC  PROFILE 


Figure  9.  Detail  of  sediment  thickness  (in  meters)  below  Horizon  B  in  the  Cat  Gap  area. 
Horizon  B  is  exposed  at  the  seafloor  by  Paleogene  erosion  (Horizon  A^)  as  shown. 


Formation  by  Jansa  and  others  (1979) .  The 
thickness  generally  is  small  because  of  their 
very  low  accumulation  rates  (1-2  m/m.y.). 

Known  thickness  ranges  from  about  10-20  m  at 
Site  387  up  to  a  maximum  of  90-110  m  at  Site 
386. 

In  Figure  11  we  have  mapped  the  combined 
thickness  of  the  black  and  multicolored  clays 
from  seismic  profiler  data.  Although  the 
mapped  thickness  includes  multicolored  clays, 
it  provides  a  reasonable  approximation  of  the 
true  distribution  of  black  clays  alone  be¬ 
cause  the  thickness  of  the  multicolored  clays 
probably  is  small  (<  100  m)  and  fairly  uniform 
in  the  basin, 

A  striking  observation  is  that  away  from 
the  continental  margin  the  black  clays  are  of 
relatively  uniform  thickness  (100-200  m) 
implying  that  they  accumulated  evenly  and 


slowly  (<  6  n/my) .  Pockets  of  thick  sediments 
accumulated  in  local  topographic  depressions 
because  of  slumping  and  turbidity  currents 
from  adjacent  highs  (e.g.  Site  386,  Figure 
11).  A  majority  of  the  basin  probably  re¬ 
ceived  only  pelagic  detritus  '.:ith  admixtures 
of  terrigenous  debris  borne  by  winds  and 
sur.  ce  currents.  This  is  in  marked  contrast 
to  the  deposition  of  abundant  terrigenous 
detritus  in  the  eastern  North  Atlantic  in 
Early  and  middle  Cretaceous  time  (Lancelot, 
Siebold,  and  others,  1978;  Montadert,  Roberts, 
and  others,  1976). 

Near  the  western  Atlantic  continental 
margin  several  lobes  of  thick  black-clay 
sequences  are  developed.  Two  of  these  lobes, 
one  south  of  Georges  Bank  Basin  and  one 
southeast  of  Baltimore  Canyon  Trough,  are 
separated  by  a  thin  black-clay  section  caused 
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Figure  10.  Seismic  profile  from  the  western  Bermuda  Rise  showing  major  reflectors 
and  correlation  with  lithologic  record  at  nearby  Site  387.  Location  in  Figure  12. 


primarily  by  the  presence  of  the  basement 
swell  around  Site  105.  This  control  by 
basement  topography  and  the  landward  thick¬ 
ening  indicate  chat  the  lobes  contain  terri¬ 
genous  debris  deposited  from  turbidity  cur¬ 
rents  and  debris  flows.  Off  the  Blake  Pla¬ 
teau  an  even  thicker  sequence  (up  to  700 
m)  of  black  clays  is  present.  In  this  region 
Horizon  A*  has  been  truncated  by  mid-Tertiary 
erosion  (Horizon  A^,  see  Figure  11)  and  the 
pre-erosion  thicknesses  during  the  middle  and 
Late  Cretaceous  must  have  been  even  greater. 

Reefs  along  the  edge  of  the  continental 
shelf  may  have  been  important  in  controlling 
sediment  distribution  during  the  Cretaceous. 
Reef  material  has  been  dredged,  drilled,  and 
sampled  by  submersible  at  numerous  locations 
along  the  margin  from  the  Blake  Plateau  to  as 
far  north  as  Georges  Bank  and  the  Grand  Banks 
(Heezen  and  Sheridan,  1966';  Tucholke  and 
Vogt,  1979;  Ryan  and  others,  1978).  Deeply 
buried  reef-like  structures  of  unknown  age 
are  observed  beneath  the  continental  slope  on 
several  MCS  lines  (Figure  11).  It  is  likely 
that  during  the  Early  to  middle  Cretaceous  a 
reef  system  extended  along  the  outer  shelf  of 
the  U.S.  east  coast  and  at  least  intermit¬ 
tently  to  the  Grand  Banks.  This  barrier 
together  with  the  mid-Cretaceous  sea-leve 
transgression  (Pitman,  1978;  Vail  and  others, 
1977)  could  have  strongly  reduced  transport 
of  terrigenous  sediment  to  the  deep  sea 


(Emery  and  others,  1970).  These  factors 
would  account  for  restriction  of  thick  black- 
clay  sequences  to  near  the  continental  margin 
and  rather  uniform  thickness  in  the  deep 
basin.  The  marginal  reef  system  probably  was 
breached  or  overstepped  in  several  places, 
thus  allowing  deposition  of  the  observed 
lobes  along  the  continental  margin.  In 
particular,  the  thickest  lobe  off  the  Bloke 
Plateau  may  have  received  sediments  funnelled 
through  Great  Abaco  Canyon,  which  may  date  to 
Neocomian  time  as  a  reef  channel  (Sheridan 
and  others,  1969),  and  through  Northeast 
Providence  Channel  (Figure  11) . 

The  multicolored  pelagic  clays  that  accu¬ 
mulated  in  the  oxygenated  deep  basin  after 
Cenomanian  time  (Plantagenet  Formation,  Jansa 
and  others,  1979)  are  very  fine-grained  and 
barren  of  biogenic  debris.  Thus  the  same 
factors  that  prevented  sediment  dispersal  to 
the  anoxic  deep  basin  in  the  Early  Cretaceous 
must  have  continued  to  limit  terrigenous 
input.  However,  Late  Cretaceous  lowering  of 
sea  level  and  extinction  of  the  marginal 
reefs  (Pitman,  1978;  Douglas  and  others, 

1973)  probably  resulted  in  gradually  increas¬ 
ing  terrigenous  influx  and  further  development 
of  the  continental  rise.  At  Site  391  near 
the  continental  margin,  the  multicolored 
•’-lays  include  terrigenous  silt,  beds  that  docu¬ 
ment  development  of  this  continental  source 
(Benson,  Sheridan  and  others,  1978).  Al- 
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Figure  11.  Sediment  thickness  in  meters  between  Horizon  8  (or  basaltic  basement, 
east  of  M-2  to  M-ll)  and  Horizon  A*/Ab.  Horizon  A*  removed  by  Paleogene  erosion  (Horizon 
Au)  west  of  T's.  Conversion  of  reflection  time  to  thickness  is  from  velocity  regression 
curves  of  Houtz  (1974) .  Drillsites  recovering  sediments  from  t;his  acoustic  interval  are 
indicated.  Black  clays  overlie  basalt  east  of  the  Horizon  8  limit.  "Black  Clay"  line  = 
estimated  late  Albian  isochron  or  approximate  eastward  limit  of  black  clays  overlying 
basalt;  black  clay  deposition  persisted  to  late  Cenomanian/Turoniau,  but  ridge-crest 
basalt  of  this  age  probably  was  above  level  of  anoxic-basin  conditions.  "Red  Clay" 
line  =  mid-Campanian  isochron  or  approximate  eastward  limit  of  multicolored  clays;  younger 
crust  was  generated  mostly  above  the  CCD,  but  in  the  deeper  basin  multicolored  clay 
deposition  persisted  into  the  Maestrichtian. 


though  the  multicolored  clays  were  deposited 
beneath  circulating,  oxygenated  bottom  water, 
we  have  observed  no  evidence  either  in  seis¬ 
mic  profiles  or  in  primary  sedimentary  struc¬ 
tures  of  the  clays  that  suggests  Late  Creta¬ 
ceous  bottom  currents  were  significant  in 
transporting  and  redistributing  sediments. 

As  noted  earlier,  where -the  multicolored 
clays  are  in  conformity  with  overlying  sedi¬ 


ments  they  are  capped  by  Horizon  A*  (Figure 
10).  Correlation  of  this  seismic  marker  to 
the  lithostratigraphy  is  documented  only  at 
Sites  386  and  387  on  the  Bermuda  Rise.  At 
these  sites  A*  matches  the  level  of  a  bed  of 
middle  to  upper  Maestrichtian  pelagic  marly 
chalk  and  limestone  (3JH-60%  CaC03;  Tucholke, 
Vogt,  and  others,  1979).  At  Site  385  near 
Vogel  Seamount,  Horizon  A*  has  not  been 
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Figure  12.  Distribution  of  Horizons  A*  and  Ac.  Western  limits  show  where  Paleogene 
erosion  (Horizon  A^)  removed  Horizon  A*  and  a  "channel"  in  Horizon  AC.  Horizontally 
lined  area  contains  unusually  thick,  non-laminated  sediments  in  the  A*-A^  interval 
(Figure  15).  In  diagonally  hatched  area  Horizon  A*  is  very  reflective  and  level 
(Figure  13). 


clearly  identified,  but  the  Maestrichtian 
marly  chalks  were  cored  and  were  interbedded 
between  low-carbonate  clays.  These  data, 
plus  Maestrichtian  chalks  at  other  drillsites 
of  shallower  paleodepth  (Sites  10,  384,  390) 
indicate  a  rapid  depression  of  the  CCD  to 
more  than  5400  m  and  an  equally  rapid  rise  at 
the  end  of  the  Cretaceous  (Tucholke  end  Vogt, 
1979).  If  the  correlation  of  Horizon  A*  to 
this  calcareous  bed  is  consistent  throughout 
the  basin,  then  the  widespread  distribution 
of  Horizon  A*  (Figure  12)  suggests  that  the 
CCD  fluctuation  was  at  least  a  basin-wide 
event.  Jansa  and  others  (1979)  formally 
define  the  Maestrichtian  carbonates  as  the 
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Crescent  Peaks  Member  of  the  Plantagenet 
Formation. 

Horizon  A*  was  first  noted  to  have  regional 
significance  by  Ewing  and  others  (1970)  and 
it  was  named  by  Ewing  and  Hollister  (1972). 
When  this  reflector  was  penetrated  at  Site 
105,  it  was  thought  to  correlate  with  the 
transition  from  multicolored  to  black  clays 
(Hollister,  Ewing,  and  others,  1972).  How¬ 
ever,  a  later  erosional  surface  (Horizon  A^) 
very  closely  overlies  or  truncates  Horizon  A* 
at  the  site  (see  Figure  17),  and  a  40  n 
interval  at  this  level  was  not  cored,  rhus 
it  is  possible  that  A*  does  indeed  correlate 
with  Maestrichtian- carbonates  in  this  region. 


E 
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20  km 


Figure  13.  Seismic  profile  from  the  western  Bermuda  Rise  showing  highly  reflective  and 
relatively  flat  Horizon  A*,  and  reflectors  of  the  overlying  "Horizon-A  Complex”. 
Location  in  Figure  12. 


but  at  Site  105  the  carbonates  either  were 
removed  by  erosion  or  were  not  cored. 

Horizon  A*  exhibits  variable  acoustic 
character  within  the  basin.  East  of  Bermuda 
the  reflector  is  rarely  observed,  probably 
for  two  reasons.  First,  most  of  the  lower 
Upper  Cretaceous  crust  in  this  region  proo- 
ably  accumulated  only  thin  sequences  of 
pelagic  clay  prior  to  deposition  of  Maes- 
trichtian  chalks,  and  Horizon  A*  may  overlie 
basaltic  basement  so  closely  that  it  cannot 
be  resolved  (see  Figure  19b).  Second,  on 
crust  younger  than  about  Campanian  age, 
sediment  accumulation  was  above  the  CCD  (e.g. 
Site  10,  Peterson,  Edgar,  and  others,  1970) 
and  Maestrichtian  carbonates  in  this  section 
would  not  have  sufficient  impedance  contrast 
to  form  a  reflector. 

For  three  hundred  kilometers  or  more  south 
and  west  of  Bermuda,  Horizon  A*  is  a  very 
strong,  relatively  level  reflector  that  is 
best  developed  within  topographic  lows 
(Figures  12,  13).  The  reflector  distribution 
appears  to  be  controlled  in  part  by  basement 
topography,  suggesting  possible  accumulation 
from  turbidity  currents  and  a  source  area  in 
the  vicinity  of  Bermuda.  Until  the  reflector 
is  drilled  in  this  area,  we  cannot  be  certain 
that  it  correlates  only  with  Maestrichtian 
carbonates. 

On  the  southern  and  wester  maos t  Bermuda 
Rise,  Horizon  A*  is  a  distinct  reflector  that 
drapes  over  deeper  topographic  irregularities 
in  a  manner  suggesting  its  pelagic  origin 
(Figure  10).  Beneath  the  westernmost  Bermuda 
Rise,  the  reflector  overrides  a  basement 
swell  and  farther  west  becomes  difficult  to 
distinguish  from  overlying  acoustically 
laminated  sediments.  Traced  westward  beneath 


the  Hatteras  Abyssal  Plain,  Horizon  A* 
becomes  interbedded  with  the  base  of  a 
series  of  flat-lying  reflectors,  and  beneath 
the  continental  rise  it  is  developed  within  a 
thick  sequence  of  reflectors.  These  reflec¬ 
tor  relationships  suggest  that  turbidity 
currents  and  debris  flows  were  developing  the 
continental  rise  prior  to  the  deposition  of 
Horizon  A*  and  that  turbidity  currents  later 
began  forming  an  eastward-encroaching  abyssal 
plain  about  the  same  time  that  Horizon  A*  was 
deposited. 

Paleogene  Sedimentation  and  the  Horizon-A 
Complex 

Horizon  A  was  first  defined  by  Ewing  and 
Ewing  (1962,  1963)  in  profiler  records  acquired 
with  explosives  north  of  the  Puerto  Rico 
Trench.  In  this  area  and  in  many  other  parts 
of  the  basin  the  horizon  is  smooth  and  strongly 
reflective,  and  it  was  thought  to  be  a 
fossil  abyssal  plain  (Ewing  and  Ewing,  1964). 
Piston  cores  that  recovered  turbidites  of 
Maestrichtian  age  from  the  "Horizon-A  cvtcrop" 
north  of  San  Salvador  appeared  to  confirm 
this  idea  (Ewing  and  others,  1966;  Saito  and 
others,  1966).  Subsequent  deep-sea  drilling 
on  the  Bermuda  Rise  indicated  that  high- 
impedance  Eocene  cherts  were  responsible  for 
the  reflector  (Ewing  and  others,  1970),  and 
at  Site  105  on  che  lower  continental  rise 
Horizon  A  correlated  with  an  unconformity 
where  some  60  m.y.  of  sediments  were  missing 
(Hollister,  Ewing  and  others,  1972). 

These  conflicting  correlations  are  resolved 
when  one  considers  the  acoustic  character  of 
"Horizon  A".  It  actually  is  composed  of  one 
to  several  closely  spaced,  significant  reflec- 
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Figure  14.  Lithologic  columns,  generalized  at  three  DSDP  drillsites  and  idealized  in  three 
intervening  areas,  showing  correlation  with  major  reflectors  from  west  (left)  to  east  in 
basin.  Idealized  sections:  A  -  beneath  landward  end  of  Blake  Outer  Ridge,  B  -  vicinity 
of  DSDP  Site  8,  C  -  near  Bermuda  pedestal,  central  Bermuda  Rise. 


tors  (Ewing  and  Ewing,  1964),  each  of  which 
can  be  traced  laterally  on  regional  scales 
and  each  of  which  has  specific  geologic 
correlations.  For  this  reason  we  use  the 
tens  "Horizon-A  Complex"  for  the  reflector 
group.  Several  reflectors  in  the  group  (Ac, 

A  ,  Av  and  A®)  have  been  studied  separately 
by  Tucholke  (1979) ,  and  we  discuss  their 
geologic  significance  here. 

Horizon  A^ 

In  the  series-of  reflectors  that  comprise 
the  Horizon-A  Complex,  Horizon  AC  is  the 
deepest  known  to  have  a  consistent  lithologic 
correlation^ and  it  normally  is  the  strongest 
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reflector  (Figures  10,  13) .  Where  it  has 
been  drilled  the  reflector  correlates  with 
upper-lower  to  lower-middle  Eocene  chert, 
except  at  Site  386  where  it  matches  middle 
Eocene  chalks  overlying  the  cherts  (Tucholke, 
1979) . 

Horizon  AC  is  widespread  in  the  western 
North  Atlantic  (Figure  12),  and  the  chert  is 
developed  in  a  variety  of  lithofacies  (Figure 
14).  On  the  western  Bermuda  Rise,  beneath 
the  Hatteras  Abyssal  Plain,  and  probably 
beneath  the  Sohm  Abyssal  Plain,  the  cherts 
occur  within  Eocene  tnrbidites  that,  were 
.  ived  from  the  North  American  continental 
margin.  Farther  seaward,  the  cherts  are 
developed  within  heaipelagic  clays  deposited 
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below  the  Eocene  CCD  (e.g.  Site  9)  or  within 
shallower  pelagic  carbonates  along  the  flank 
of  the  Mid-Atlantic  Ridge  (Site  10)  and  other 
shallow  regions  isolated  from  terrigenous 
sources  (e.g.  Site  384:  J-Anomaly  Ridge,  Site 
390:  Blake  Nose).  The  charts  mark  the  top  of 
the  Bermuda  Rise  tormation  as  defined  by 
ansa  and  others  (1979). 

As  expected,  the  eastern  pinchout  of  Horizon 
?£  is  on  crust  of  Eocene  age  (Figure  12) . 
However,  east  of  Bermuda  the  reflector  gene¬ 
rally  is  observed  only  in  patches  within 
basement  depressions  (see  Figure  19b),  and 
the  sedimentary  section  between  Horizon  A^ 
and  acoustic  basement  usually  is  thinner  than 
100  m.  The  thin  sedimentary  section  is 
expected  because  this  crust  was  isolated  from 
terrigenous  sources  and  most  of  the  crust  of 
Albian  to  Santon  '.an  age  was  below  the  CCD 
during  its  entire  history  (Tuchclke  and  Vogt, 
1979) . 

By  considering  ‘■he  character  and  distribu¬ 
tion  of  Horizon  A^,  the  thickness  and  acoustic 
signature  of  sediments  between  Horizons  Ac 
and  A*,  and  the  lithology  cf  sediments  cored 
from  this  interval,  we  car.  determine  several 
aspects  of  the  Early  Paleogene  sedimentary 
environment  that  led  up  to  the  deposition  of 
Horizon  Ac.  As  noted  earlier,  Maestrichtian 
carbonates  correlating  with  Horizon  A* 
accumulated  in  a  pelagic  environment  through¬ 
out  most  of  the  basin.  East  of  the  Hatter  as 
Abyssal  Plain  the  sediments  immediately 
overlying  Horizon  A*  are  mostly  acoustically 
non-laminated  and  they  generally  conform  to 
the  shape  of  Horizcn  A*  suggesting  that 
pelagic  depositio:  continued  into  the  Paleo- 
cene.  Paleecene  deep-basin  sediments  are 
poorly  represented  in  JOIDES  boreholes,  but 
lithofacies  at  Site  385  (zeolitic  clay)  and 
"ite  387  (radiolarian  clay)  also  indicate 
that  pelagic  and  hemipelagic  deposition  of 
clay  and  biogenic  silica  below  the  CCD  were 
dominant  (Tucholke,  .'ogt,  and  others,  1979). 

At  Site  38/  cn  the  western  Bermuda  Rise,  the 
lower  Paleocene  section  contains  black, 
carb'.  i-rich  sediment  similar  to  the  Lower 
Cretaceous  black  clays,  and  it  probably 
accumula-  -r.d  in  a  anoxic  environment. 

There  are  some  exceptions  to  these  indica¬ 
tions  of  quiesceit  pelagic  deposition.  On  the 
southwest  Bermuda  L’.;se,  the  non-laminated 
sediments  above  E  aizon  A*  exhibit  marked 
thickness  variations  (Figure  ’5),  and  it  is 
likely  that  they  were  reworkeu  by  bottom 
currents.  Considering  the  early  Paleocene 
anoxic  conditions  indicated  at  Site  387,  this 
bottom-current  activity  must  have  begun  in  the 
j-atter  half  of  the  .-aleccene.  Climatic 
cooling  began  at  tnis  time  (Boersma  and 
others,  197C),  and  the  deep  circulation  may 
have  been  stimulated  by  formation  of  cool 
bottom  water  at  high  latitudes . 

.  Beneath  the  Hatteras  Abyssal  Plain  and  the 


continental  rise,  the  probable  Paleocene 
sediments  overlying  Horizon  A*  tend  to  be 
acoustically  laminated.  These  sediments  have 
not  been  cored  in  DSDP  boreholes,  but  they 
may  include  admixtures  of  fine-grained  terri¬ 
genous  debris,  biogenic  silica,  and  carbonate 
displaced  from  the  continental  shelf  and 
slope  above  the  CCD.  By  this  time,  basin¬ 
filling  behind  shelf-edge  barriers  and  falling 
sea  level  probably  allowed  dispersal  of  large 
quantities  of  such  sediments  to  the  deep 
basin.  With  time,  turbidite  dispersal  extended 
farther  seaward.  Uplift  had  not  yet  formed 
the  Bermuda  Rise,  and  distal  turbidites 
flooded  the  region  of  both  the  present  Hatteras 
Abyssal  Plain  and  the  western  Bermuda  Rise. 

This  seafloor-leveling  process  is  clearly 
demonstrated  in  seismic  profiles  from  the 
western  Eermuda  Rise  (Figure  10) ,  and  it 
resulted  in  marked  thickness  variations  in 
the  Horizon  A*  to  Ac  interval. 

The  CCD  during  the  Paleocene  to  middle 
Locene  probably  was  4  to  4.5  km  deep  (Tucholke 
and  Vogt,  1979).  By  late  Paleocene  time,  a 
substantial  fraction  of  biogenic  silica  was 
deposited  both  with  carbonates  above  the  CCD 
and  with  deeper-basin  clays.  The  implied 
stimulation  of  biogenic  silica  production  in 
surface  waters  ma;  have  been  produced  by 
upwelling  of  cooler,  nutrient-rich  bottom 
water;  this  water  is  thought  to  have  originated 
at  higher  latitudes  and  surfaced  in  upwelling 
z:, nes  aloi._,  a  west-flowing  circumglobal 
current  through  the  Tethys,  North  Atlantic 
and  Pacific  Oceans  (Eerggren  and  Hollister, 
1974). 

Biogenic  silica  production  and/or  seafloor 
silica  preservation  were  enhanced  most  strongly 
in  the  late-early  and  early-middle  Eocene. 

The  chert  resulting  from  burial  and  diagenesis 
of  these  sediments  now  forms  Horizon  A^. 

Similar  Eocene  cherts  have  been  drilled  in 
the  eastern  North  Atlantic  (Petersen,  Edgar, 
and  others,  1970),  the  Caribbean  (Edgar, 

Saunders  and  others,  1973),  and  the  equatorial 
Pacific  (e.g.  Tracey,  Sutton  and  others, 

1971) .  Siliceous  sediments  associated  with  an 
authigenic  mineral  suite  indicating  alteration 
of  volcanic  glass  also  are  observed  in  shallow- 
water  sediments  exposed  along  the  Atlantic 
coastal  plain  and  Gulf  Coast  (Gibson  and 
Towe,  1971). 

The  exact  caus<-  of  the  strongly  increased 
silica  content  of  thes >  sediments  still  is 
unclear,  although  most  hypotheses  incorporate 
enhanced  deep  circulation  and  upwelling 
(Jones  and  others,  1970;  Berggren  and  Phillips, 
1971) ,  increased  nutrient-phosphorous  and 
silica  supply  to  surface  water  through  subaerial 
volcanism  (Gibson  and  Towe,  1971;  Mattson  and 
Pessagno,  1971),  or  a  combination  thereof 
(Berggren  and  Hollister,  1974).  Herman 
(1972)  suggested  that  the  cherts  resulted 
from  coincidence  of  increased  productivity 
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Figure  15.  Seismic  profile  from  southwest  Bermuda  Rise  showing  differential  thickening 
between  Horizons  A*  and  A^  probably  caused  by  abyssal  currents.  Location  in  Figure  12. 


(due  to  cooler  climate)  and  increased  seafloor 
silica  preservation  (due  to  increased  silica 
input  to  bottom  water  from  submarine  volcan- 
ism) .  The  rapid  biogenic  silica  accumula¬ 
tion  in  the  early  to  middle  F.ocene  probably 
cannot  be  ascribed  solely  to  cooling  climates 
and  . acreased  upwelling;  although  there  was  a 
gradual  cooling  in  the  early  to  middle  Eocene, 
temperatures  probably  remained  stable  during 
the  remainder  of  the  Eocene  (Margolis,  1976), 
and  continued  rapid  silica  accumulation  might 
be  expected  m  contrast  to  observed  decreases. 
Thus  an  episode  of  increased  volcanlsm  in 
conjunction  with  the  cooling  climate  may  best 
explain  the  relatively  short  duration  of  the 
enhanced  silica  accumulation.  Significantly 
increased  volcanist,  in  late  Paleocene  to 
early  Eocene  time  is  known  to  have  occurred 
in  both  the  Brito-Arctic  (Thulean)  and 
Caribbean  regions  (Jacque  and  Thouvenin, 

1975;  Khudoley  and  Meyerhof f,  1971,  among 
others)  and  at  Bermuda  (Tucholke,  Vogt,  and 
others,  1979).  Major  tectonism  ana  volcani- 
city  also  occurred  throughout  most  of  the 
Tethyan  region  during  this  time  (Dewey  and 
others,  1973). 

Horizo  s  tJ-  and  Formation  of  the  Bermuda  Rise 

1  Horizon  AT  overlies  Horizon  A^  by  about 
0.05  to  0.2  seconds  reflection  time  (nominally 
45  to  190  m)  in  the  Horizon-A  Complex  (Figures 
10,13).  In  most  of  the  region  between 
Bermuda  and  the  continental  rise  it  marks  the 
top  of  the  complex.  The  reflector  correlates 
with  the  uppermost  occurrence  of  mixed  bioclas- 
tic/terrigenous  turbidites  at  Sites  386  and 
387  on  the  Bermuda  Rise  (Tucholke,  1979). 

Three  other  drill  sites  (6,7,8)  penetrated 
the  reflector  but  were  too  sparsely  coied  to 
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confirm  the  correlation  between  Horizon  A^ 
and  the  top  of  the  turbidites.  However,  two 
of  the  sites  (6,8)  cored  sediments  from  the 
AC-AT  interval  and  recovered  turbidites  with 
abundant  calcareous,  siliceous,  and  terri¬ 
genous  debris.  Only  minor,  locally  derived 
turbidites  are  present  above  Horizon  AT  in 
the  ermuda  Rise  drillsites. 

As  discussed  earlier,  these  sediments  .rere 
deposited  from  turbidity  currents  that 
originated  along  the  continental  margin  of 
North  America.  The  distribution  ■ '  Horizon 
at  (Figure  16)  shows  that  the  aistal  parts  of 
these  currents  reached  as  far  as  the  present 
central  Bermuda  Rise,  some  1200  1cm  from  the 
source  area.  Ar  their  eastern  limit,  the 
turbidites  ponded  into  middle  Eocene  topographic 
depressions  and  fracture  zones,  much  like  the 
Quaternary  ponding  along  the  northeast  margin 
of  the  Nares  Abyssal  Plain  (Shipley,  1978). 

The  abrupt  transition  from  turbidite  to 
non-turbidite  deposition  marked  by  Horizon  AT 
on  the  western  Bermuda  Rise  probably  resulted 
from  uplift  that  began  to  form  the  rise  xn 
the  middle  Eocene.  This  timing  agrees  with 
the  probable  age  of  the  main  edifice-building 
volcanism  that  formed  the  Bermuda  pedestal; 
drilling  results  at  Site  386,  140  km  southeast 
of  Bermuda,  show  that  the  Bermuda  volcanoes 
had  reached  sea  level  and  were  being  actively 
eroded  by  late  middle  Eocene  time  (Tucholke 
and  Vogt,  1979).  Based  on  limited  biostrati- 
graphic  data,  the  turbidites  correlating  with 
Horizon  A^  appe  ar  to  become  younger  toward 
the  west,  ranging  from  middle  Eocene  at  Site 
386  on  the  central  Bermuda  rise  to  late 
Eocene  at  Site  8  just  west  of  the  rise.  Such 
diachronism  is  reasonable  because  turbidites 
should  progressively  offlap  the  ‘iermuda  Rise 
toward  the  west  as  it  was  uplifted.  Farther 


Figure  16.  Distribution  of  Horizons  AT ,  Av,  and  Au.  The  Horizon  A11  unconformity  (hori¬ 
zontal  lines)  truncates  older  reflectors  beneath  the  continental  margin  as  shown. 


west  beneath  the  Hatteras  Abyssal  Plain  Hori¬ 
zon  At  has  not  been  drilled,  but  it  is  likely 
to  be  younger  than  late  Eocene.  Drilling  and 
dating  this  horizon  at  several  locations 
along  the  western  Bermuda  rise  and  Hatteras 
Abyssal  Plain  could  provide  a  method  for 
studying  the  timing  and  dynamics  of  uplift 
that  formed  the  Bermuda  Rise.  The  amount  of 
uplift  presently  can  be  estimated  at  two 
drillsites;  if  we  assume  that  Horizon  AT  is 
isochronous  and  that  it  was  a  level  (abyssal 
plain)  surface  in  the  middle  Eocene,  then 
present  depths  of  the  reflector  suggest  that 
uplift  was  about  400  m  at  Site  387  and  700  m 
at  Site  386,  relative  to  the  central  Hatteras 
Abyssal  Plain  (Tucholke  and  Vogt,  1979). 
However,  these  values  are  minima  because  of 
the  possible  diachronism  of  the  reflect  r. 


Late  Paleogene  Sedimentation,  Erosion,  and  the 
Origin  of  Horizon 

After  deposition  of  Horizon  AT  on  the 
Bermuda  Rise  in  the  middle  to  late  Eocene, 
the  CCD  level  remained  near  4000-4500  m 
(Tucholke  and  Vogt,  1979),  and  siliceous 
hemipelagic  clays  accumulated  in  most  of  the 
deep  basin.  Deposition  of  turbidites  conti¬ 
nued  for  an  unspecified  time  in  the  region  of 
the  present  Hatteras  Abyssal  Plain,  but 
eventually  ceased.  Horizon  A?  in  this  area 
is  overlain  by  acoustically  non-laminated 
sediments  that  extend  upward  to  the  base  of 
the  modern  (Plio-Pleistocene)  Hatteras  turbi¬ 
dites.  The  Paleogene  influx  of  turbidites 
from  the  continent  may  have  been  stopped 
because  of  strong  erosion  of  the  Paleogene 
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continental  rise  by  abyssal  currents  (see 
discussion  below) . 

Oligocene  sediments  are  very  poorly  represen¬ 
ted  in  deep-sea  boreholes,  but  one  drirlsite 
(387)  on  the  western  Bermuda  Rise  suggests 
that  deposition  of  biogenic  silica  continued 
in  diminishing  quantities  until  middle  or 
late  Oligocene  time.  Younger  sediments 
contain  little  siliceous  debris  except  for 
sporadic  local  occurrences.  The  cause  of  the 
diminuation  and  cessation  of  biogenic  silica 
deposition  is  uncertain.  However,  because 
the  production  of  siliceous  organisms  probably 
was  related  to  deep  and  surface  circulation 
patterns  and  in  particular  to  the  westward¬ 
flowing  circumglobal  "equatorial"  current,  it 
is  likely  that  circulation  changes  were 
responsible.  Three  factors  may  have  been 
significant.  First  is  the  general  climatic 
cooling  that  characterized  the  Eocene  and 
Oligocene  (Savin  and  others,  1975)  and  its 
possible  effect  on  the  westward  flow  of  the 
"equatorial"  current.  If  the  cooling  forced 
an  eguatorward  compression  of  global  wind  belts, 
then  the  Tethys  Sea  north  of  Africa  could 
gradually  have  come  under  the  influence  of 
westerly  rather  than  easterly  (equatorial) 
winds.  Second,  the  north  coast  of  Africa  in 
the  Eocene  probably  was  near  25°N  latitude 
and  slowly  drifted  north  by  5  to  6  degrees  by 
the  end  of  the  Oligocene  (Berggren  and 
Hollister,  1974).  The  combination  of  the 
northward  drift  of  Africa  and  the  southward 
shift  of  the  westerlies  wind  belt  could  have 
markedly  diminished  westward  flow  through  the 
Tethys.  The  flow  from  the  Atlantic  into  the 
Pacific  thus  would  be  reduced  and  limited 
more  to  equatorial  latitudes,  and  it  would  be 
accompanied  by  shifts  of  high  productivity 
areas  from  the  central  to  equatorial  North 
Atlantic.  A  third,  complementary  factor  may 
have  been  increased  intensity  of  the  deep 
circulation,  probably  associated  with  the 
cooling  Paleogene  climate.  Sverdrup  and 
others  (1942)  and  Ramsay  (1971)  have  noted 
that  biogenic  silica  productior  in  the  present 
equatorial  Atlantic  is  limited  because  necessary 
nutrients  are  removed  to  the  South  Atlantic 
and  beyond  by  the  southward  flowing  North 
Atlantic  Deep  Water.  Therefore,  increased 
deep  circulation  in  the  Paleogene  actually 
may  have  hindered  rather  than  stimulated 
surface  production  of  biogenic  silica. 

Deep  currents  of  increased  intensity  in 
Paleogene  time  account  for  one  of  the  most 
dramatic  changes  in  abyssal  sedimentation 
that  the  western  North  Atlantic  has  experienced. 
The  deepest  seismic  expression  of  these 
current  effects  is  Horizon  A^.  This  reflector 
correlates  with  an  erosional  unconformity 
beneath  the  continental  margin  and  it  truncates 
a  variety  of  deeper  reflectors  (Figures  14, 

16,  17).  Both  Horizons  AT  and  are  observed 
near  Site  8,  but  Horizon  AU  truncates  these 
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reflectors  toward  the  west,  and  at  Site  105, 

160  km  southwest  of  Site  8,  the  unconformity 
cuts  close  to  or  beneath  Horizon  A*  (Figure 
17).  To  the  north  at  Site  106,  Horizon  A^ 
probably  immediately  overlies  the  cherts  of 
Horizon  AC  (Figure  16) . 

The  most  significant  erosion  of  the  Paleogene 
continental  rise  occurred  south  of  Cape 
Hatteras  (Figures  16,  18)  where  Horizon  A^ 
merges  with,  but  does  not  cut  significantly 
below  Horizon  8.  Apparently  the  carbonates 
below  Horizon  8  were  well  lithified  beneath  a 
substantial  sediment  overburden  before  they 
were  excavated  by  Paleogene  bottom-current 
erosion,  based  on  the  depths  at  which  erosion- 
resistant  limestones  are  encountered  in  other 
DSDP  boreholes  with  continuous  sedimentary 
records,  at  least  400  m  of  overburden  were 
removed.  Farther  south,  in  the  "Horizon  A  - 
Horizon  8  outcrop"  area  near  San  Salvador 
(Ewing  and  others,  1966;  Windisch  and  others, 
1968) ,  Horizon  A^  rises  and  intersects  the 
present  sea  floor  (Figures  4,  6,  7).  At  DSDP 
Sites  5  and  100  in  this  area,  calcareous 
sediments  from  below  Horizon  8  are  poorly 
lithified,  and  it  is  unlikely  that  they  ever 
were  covered  by  substantial  overburden 
(Ewing,  Worzel  and  others  1969;  Hollister, 

Ewing  and  others,  1972). 

The  distribution  of  Horizon  Au  (Figure  16) 
clearly  suggests  that  the  unconformity  was 
eroded  by  a  southerly  flowing,  westward- 
intensified  abyssal  boundary  current,  probably 
a  precursor  to  the  modern  Western  Boundary 
Undercurrent  (WBUC)  (Heezen  and  others, 

1966).  However,  determining  the  exact  timing 
of  the  erosion  is  difficult  for  two  reasons. 
First,  the  youngest  sediments  into  which  the 
unconformity  is  cut  mostly  are  acoustically 
non-laminated  in  conventional  profiler  records 
(e.g.  east  of  Site  8;  Figure  17),  and  conse¬ 
quently  there  is  no  detectable  impedance 
contrast  identifying  Horizon  A*-'.  Where  Che 
youngest  sediments  are  laminated,  the  unconfor¬ 
mity  intersects  them  at  such  a  low  angle  that 
it  is  very  di5  ,‘icult  to  determine  which  beds 
have  been  eri.icd.  Second,  most  DSDP  boreholes 
that  have  penetrated  Horizon  Au  were  drilled 
in  areas  where  a  major  portion  of  the  sedi¬ 
mentary  section  is  missing;  for  example  the 
Upper  Cretaceous  to  middle  Miocene  section  is 
missing  at  Site  105,  and  the  'v  Cenomanian  to 
upper  Miocene  section  has  been  eroded  at  Site 
101.  Site  8,  which  was  drilled  near  the 
eastern  edge  of  Horizon  A^,  was  too  sparsely 
cored  to  pinpoint  the  age  of  erosion.  However, 
seismic  profiles  in  this  area  do  indicate 
that  the  unconformity  was  cut  into  Horizon  A'1- 
(late  Eocene  turbidites)  at  or  near  Site  8. 

The  oldest  sediments  cored  above  the  unconfor¬ 
mity  are  of  middle  to  late  Miocene  age  (Sites 
8,  101,  Jn",  106,  388;  Hollister,  Ewing  and 
otherc.  _*72;  Sheridan,  Benson  and  others, 

1978) ,  Beneath  the  Blake  Outer  Ridge,  down¬ 


ward  extrapolation  of  known  sedimentation 
rates  at  Sites  102,  103  and  104  indicates 
that  sediments  as  old  as  lower  Miocene  may 
overlie  Horizon  A^.  Thus  the  erosion  -probably 
occurred  at  some  time  between  the  late  Eocene 
and  early  Miocene. 

The  apparent  difference  in  depth  of  erosion 
north  and  south  of  Cape  Hatteras  (Figure  16) 
may  be  due  to  interaction  between  the  southerly 
flowing  WBUC  and  the  Gulf  Stream.  The  Gulf 
Stream  probably  was  well  developed  in  Paleo¬ 
gene  time  (Berggren  and  Hollister,  1974),  and 
current  shear  between  the  base  of  this  flow 
and  the  WBUC  could  have  reduced  the  erosive 
power  of  the  WBUC  north  of  Cape  Hatteras.  It 
also  is  possible  that  less  sediment  origi¬ 
nally  blanketed  Horizon  8  south  of  Cape 
Hatteras,  although  we  do  know  that  massive 
deposits  of  Lower  Cretaceous  black  clave 
covered  Horizon  8  off  the  southern  Blak 
Plateau  (Figure  11) . 

Tucholke  and  Vogt  (1979)  have  discussed 
possible  reasons  for  intensified  deep  circula¬ 
tion  and  erosion  during  this  interval.  The 
presently  acceptable  alternatives  seem  to  be 
that  1)  currents  gradually  intensified 
during  Late  Paleogene  time,  probably  because 
of  cooling  climate,  and  they  eroded  the 
continental  rise  over  a  period  of  some  15-20 
m.y.,  2)  after  the  Greenland-Iceland-Faroe 

Ridge  subsided  below  sealevel  during  or 
following  the  late  Oligocene  (Talwani,  Udintsev, 
and  others,  1976),  cold  water  from  the 
Norwegian-Greenland  Sea  flooded  the  North 
American  Basin  and  caused  erosion  on  a  catas¬ 
trophic  scale  within  a  few  million  years,  or 
3)  both  occurred.  Just  as  puzzling  as  the 
cause  of  the  erosion  is  the  mechanism  by 
which  current  intensity  was  "suddenly"  reduced, 
allowing  rapid  deposition  of  middle  (lower?) 
Miocene  and  younger  sediments.  For  example, 
Miocene  sediments  at  Site  104  on  the  Blake 
Outer  Ridge  accumulated  as  rapidly  as  190 
m/m.y.  (Hollister,  Ewing  and  others,  1972). 
Possible  explanations  for  this  change  to 
deposition^  conditions  include  1)  eventual 
reduction  and  stabilization  of  thermohaline 
gradients  responsible  for  the  deep  flow,  2) 
reduction  of  southward  flow  of  "Arctic"- 
derived  bottom  water  during  Antarctic  glacia¬ 
tion,  and  3)  late  Oligocene  opening  of  the 
Drake  Passage  to  deep  circumpolar  flow  and 
consequent  reduction  of  southward  "draw"  on 
North  Atlantic  Dsep  Water  by  the  Antarctic 
Circumpolar  Current  east  of  the  Scotia  Arc 
(Tucholke  and  Vogt,  1979).  Other  explanations 
are  possible,  and  there  clearly  are  a  host  of 
outstanding  questions  on  the  deep  circulation 
that  remain  to  be  answered. 

Considering  the  likely  morphology  of  the 
Paleogene  continental  rise  and  probable 
thickness  of  sediment  that  was  eroded,  we  can 
estimate  very  roughly  that  some  2  X  105  km3 
of  sediment  were  removed  during  the  erosional 
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Figure  18.  R/V  CONRAD  20-12  large-volume-airgun  seismic  profile  approaching  the  north 
flank  of  the  Blake  Outer  Ridge.  Horizon  approaches  and  cuts  down  to  Horizon  B 
under  ridge  (partially  obscured  by. bubble  pulse).  Location  in  Figure  16. 


episode.  Beneath  the  continental  rise  north 
of  the  New  England  Seamounts,  an  erosional 
unconformity  of  about  the  same  age  may  be 
present  (Parsons,  1975),  and  perhaps  half  as 
much  sediment  was  eroded  from  this  segment  of 
the  continental  margin.  The  fate  of  this 
large  volume  of  sediment  is  uncertain.  The 
sediment  would  have  formed  a  layer  about  50  m 
thick  if  spread  uniformly  throughout  the 
contemporary  basin  outside  the  erosional 
zone.  Realistically,  some  of  the  sediment 
probably  was  transported  along  paths  of  other 
established  but  less  intense  abyssal  flows  to 
form  the  cores  of  major  depositional  ridges 
such  as  the  Greater  Antilles  Outer  Ridge 
north  of  Puerto  Rico  (Tucholke  and  Ewing, 

1974) .  Sedimentation  rates  on  the  northern 
Bermuda  Rise  also  increased  dramatically  some 
time  after  the  deposition  of  Horizon  Ac  in 
the  middle  Eocene,  (compare  Figures  15,  19b; 
Ewing  and  others,  1970;  Tucholke  and  Vogt, 

1979) ,  and  the  massive  sediment  drifts  on  the 
northern  rise  may  contain  sediment  eroded 
from  the  continental  margin.  The  main  abyssal 
boundary  current  probably  carried  much  of  the 
entrained  sediment,  into  the  South  Atlantic  or 
farther.  In  the  Argentine  Basin,  thick 
sediment  drifts  began  to  form  and  sedimentation 
rates  increased  sharply  during  the  late 
Oligocene  and  early  Miocene  (Supko,  Perch- 
Nielsen,  and  others,  1977),  but  it  is  not 
clear  that  this  was  caused  by  increased 
sediment  influx  from  the  North  Atlantic. 

Horizon  A^  Emergence  History  of  the  Bermuda 
Pedestal 

As  noted  earlier,  the  volcanic  foundation 
of  Bermuda  emerged  above  sea  level  by  late 
middle  Eocene  time,  although  the  pedestal 
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probably  was  intruded  by  lamprophyre  sheets 
as  late  as  early  Oligocene  time  (Reynolds  and 
Aumento,  1974).  The  subaerial  weathering  of 
the  volcanic  pedestal  is  recorded  by  coarse 
volcaniclastic  turbidites  deposited  at  DSDP 
Site  386  about  140  km  southeast  of  Bermuda 
(Tucholke,  Vogt,  and  others,  1979).  These 
turbidites  form  a  strong  reflector,  termed 
Horizon  AV,  that  surrounds  Bermuda  and  merges 
with  the  acoustically  opaque  archipelagic 
zpron  of  the  island  (Figures  16,  19a).  At 
Site  386,  the  top  of  the  turbidites  Gctcs  to 
the  late  Oligocene,  but  Horizon  A^  may  vary 
somewhat  from  this  age  at  other  locations, 
depending  upon  the  complexity  of  turbidite 
dispersal  paths  from  the  Bermuda  pedestal. 
Horizon  A^,  although  of  only  local  extent,  is 
particularly  interesting  because  it  closely 
overlies  Horizons  A^  and  AT  and  is  distinguish¬ 
able  from  them  only  upon  close  examination  of 
high-quality  profiler  records.  Furthermore, 
because  the  horizon  is  highly  reflective,  it 
commonly  masks  the  deeper  reflectors  near  the 
pedestal  (Figure  19a).  Thus,  less  than 
rigorous  examination  of  the  seismic  stratigraphy 
near  Bermuda  could  lead  to  the  erroneous 
conclusion  that  deposition  of  "Horizon  A" 

(Ac,  AT,  Av)  and  the  culmination  of  Bermudan 
volcanism  and  denudation  were  coincident  and 
dated  to  the  middle  Eocene. 

Neogene  Current-Controlled  Sedimentation 

Effects  of  the  deep  circulation  on  sedimenta¬ 
tion  patterns  are  clearly  expressed  in  middle 
Miocene  and  younger  sediments  deposited  abov.e 
Horizon  AU  along  the  continental  rise,  and  in 
sediments  above  Horizon  Ac  and  AT  elsewhere 
in  the  basin  (Figures  6,  13,  17).  Patterns 
of  differential  sediment  accumulation  range 
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Figure  19.  Seismic  profiles  across  Che  nor¬ 
thern  Bermuda  Rise.  In  (a)  note  Horizon 
merges  with  the  archipelagic  apron  of  Bermuda 
pedestal  and  masks  deeper  reflectors.  In  (b) 
note  thin  sedimentary  sections  between  Horizon 
A^  and  acoustic  basement,  and  massive  sediment 
drifts  a'ove.  Locations  in  Figure  16. 

in  scale  from  small  moats  around  basement 
peaks  to  major  depositional  ridges  such  as 
the  Blake-Bahama  Outer  Ridge.  One  of  the 
best  intermediate-scale  examples  of  deposi¬ 
tion  controlled  by  the  Western  Boundary 
Undercurrent  is  seen  in  a  large-volume  nirgun 
profile  across  the  "lower  continental  rise 
hills"  near  DSDP  Site  105  (Figure  20) .  The 
origin  of  these  hills  has  been  a  matter  of 
long-standing  debate.  Explanations  have 
ranged  from  gravitational  sliding  (Ballard, 

1966;  Emery  et  al.,  1970),  to  current-controlled 
deposition  (Fox,  et  al,,  1968;  Rona,  1969; 

Ewing  and  Hollister,  1972),  and  to  Pleistocene 
erosion  and  sculpting  by  turbidity  currents 
(Asquith,  1976) .  The  uncertainties  resulted 
primarily  from  the  fact  that  most  seismic 
.  profiles  do  not  clearly  define  Cue  internal 


structure  of  the  hills  (Figure  17).  However, 
the  high-energy  sound  source  used  to  record 
the  profile  in  Figure  20  shows  that, the  hiils 
are  sediment  waves  containing  migrating, 
differentially  deposited  beds  that  are  charac¬ 
teristic  of  current-controlled  deposition. 

Farther  south,  the  Blake-Bahama  Outer  Ridge 
is  constructed  primarily  of  Miocene  and 
younger  sediments,  and  it  overlies  a  Horizon 
AU  unconformity  that  is  relatively  flat 
(Figure  18)  or  that  has  sculpted  older  sedi¬ 
ments  (Figure  6) .  Unconformable  relationships 
among  seismic  reflectors  within  the  Neogene 
sediments  and  unconformities  encountered  in 
boreholes  show  that  the  development  of  this 
ridge  system  is  complex  and  still  poorly 
understood,  but  the  evolution  undoubtedly 
has  been  dominated  by  the  depositional  and 
erosional  activity  of  the  Western  Boundary 
Undercurrent  (Markl  and  others,  1970;  Bryan 
1970;  Ewing  and  Hollister,  1972).  Other 
depositional  ridges  such  as  the  Caicos  Outer 
Ridge  off  the  Bahama  Banks  and  the  Greater 
Antilles  Outer  Ridge  north  of  the  Puerto  Rico 
Trench  also  have  formed  primarily  in  the 
Neogene  through  current-controlled  deposition 
(Tucholke  and  Ewing,  1974). 

Reflectors  within  the  continental  rise 
above  Horizon  Au  also  show  complex  interrela¬ 
tionships  that  probably  were  controlled  by 
flow  of  the  Western  Boundary  Undercurrent  and 
by  variable  sediment  influx  related  to  sea 
level  changes.  In  many  locations  reflector 
relationships  are  complicated  further  by 
slumping.  We  have  not  traced  Horizon  A“ 
unambiguously  beneath  the  upper  continental 
rise  nor  satisfactorily  interpreted  the 
Neogene  evolution  of  this  sedimentary  prism. 
However,  because  Horizon  A^  extends  westward 
in  a  relatively  level  attitude  veil  below  the 
central  continental  rise,  there  can  be  little 
doubt  that  the  present  rise  evolved  in  response 
to  Neogene  processes. 

Away  from  the  continental  margin,  one  of 
the  most  active  regions  of  late  Paleogene  and 
Neogene  current-controlled  deposition  has 
been  the  northern  Eermuda  Rise  (Figure  19b) . 
Laine  (1978)  presented  evidence  that  sediment 
there  has  been  deposited  from  a  deep,  westerly 
return  flow  in  the  clockwise  Gulf  Stream 
gyre.  If  this  hypothesis  is  valid,  then  most 
of  the  sediment  deposited  on  the  northern 
Bermuda  Rise  could  have  been  entrained  by  the 
Gulf  Stream  from  the  Western  Boundary  Under¬ 
current  along  the  U.S.  continental  margin. 

The  marked  late  Paleogene  and  Neogene 
change  in  sedimentation  patterns  demonstrated 
by  the  seismic  stratigraphy  also  is  indicated 
in  the  sediment  lithology.  Sediments  deposited 
throughout  the  basin  during  this  period 
consist  of  gray-green  and  brown  hemipelagic 
clays  and  silty  clays  (Blake  Ridge  Formation) , 
in  contrast  to  underlying  siliceous  lithofac-.es 
(Jansa  and  others,  1979).  Graded  turbidite 
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Figure  20.  R/V  CONRAD  21-01  large-volume  airgun  profile  across  the  "lower  continental 
rise  hills"  near  Site  105.  Note  resolution  of  migrating  reflectors  within  sediment 
waves  above  Horizon  A^.  Location  in  Figure  16. 


deposits  have  been  cored  in  several  boreholes 
(106,  382,  383)  and  are  traceable  as  acoustic¬ 
ally  laminated  sequences  in  seismic  profiles 
across  the  modern  abyssal  plains.  This  latest 
phase  of  turbidite  deposition  and  formation 
of  the  present  abyssal  plains  probably  began 
near  the  end  of  the  Pliocene. 

Summary 

By  mapping  the  seismic  stratigraphy  in  the 
North  American  Basin  and  correlating  reflectors 
with  the  lithostratigraphy  and  biostratigraphic 
age  data  at  DSDP  boreholes,  we  have  been  able 
to  interpret  major  aspects  of  the  sedimentary 
history  of  basin.  By  itself,  no  one  of  these 
stratigraphic  studies  would  be  as  useful  in 
examining  the  geological  history.  Relationships 
among  these  stratigraphic  elements  are  summarized 
in  Table  1  and  Figure  14. 

Deep  reflectors  beneath  the  continental 
rise  define  relatively  smooth,  acoustically 
laminated  seismic  sequences  that  pinch  out 
eastward  on  crust  of  Early  to  Late  Jurassic 
age.  These  sediments  have  not  been  drilled, 
but  their  acoustic  character  suggests  Chat 
they  are  dominantly  terrigenous  and  bioclastic 
sediments  emplaced  by  debris  flows  and  turbidity 
currents.  Seafloor  smoothing  by  these  sediments 
is  most  conspicuous  in  the  southwestern  part 
of  the  basin  where  Horizon  B  (smooth  acoustic 
basement)  is  formed  by  highly  reflective 
sediments  onlapping  and  seismically  masking 
upper  Middle  to  Upper  Jurassic  (anomaly  M-23) 
basaltic  crust.  Up  to  this  time,  sediments 
transported  downslope  across  tne  continental 
margin  probably  covered  most  of  the  Jurassic 
seafloor.  Local  basement  rises,  such  as  that 
at  Site  105,  were  notable  exceptions. 

By  Early  Cretaceous  time,  influx  of  clastic 


sediment  to  the  deep  basin  was  reduced, 
probably  because  of  gradually  rising  sea 
level  and  the  growth  of  reef  barriers  along 
the  edge  of  the  continental  shelf.  Oxfordian 
to  Hauteriviau/  Barremian  sediments  recovered 
from  the  seismic  interval  between  Horizons  B 
and  8  in  the  deep  basin  are  dominantly  pelagic 
limestones  and  marly  limestones.  The  numerous, 
closely  spaced  reflectors  in  this  seismic 
interval  generally  conform  to  the  shape  of 
underlying  depositional  surfaces,  which  also 
suggests  the  pelagic  nature  of  the  sediments. 

Thus  the  reflectors  generally  are  smooth 
above  Jurassic  crust,  but  farther  east  they 
drape  over  irregular  basement.  The  seismi¬ 
cally  mapped  pinchout  of  Horizon  8  is  oc 
crust  of  Hauterivian-Barremian  age. 

Horizon  8  marks  a  rise  in  the  CCD  near  the 
end  of  the  Neocomian  and  a  change  from  deposition 
of  carbonates  in  an  oxygenated  environment  to 
deposition  of  black  and  green-gray  clays 
under  alternately  anoxic  and  poorly  oxygenated 
conditions.  The  black  clays  are  acoustically 
non-laminated  and  of  relatively  uniform 
thickness  (*v  100  m)  in  most  of  the  deep 
basin,  indicating  dominantly  pelagic  and 
hemipelagic  deposition  with  continued  re¬ 
striction  of  terrigenous  sources.  Several 
thick  lobes  of  black  clays  along  the  conti¬ 
nental  margin  were  deposited  seaward  of 
probable  breaches  in  the  marginal  reef  system. 

Beginning  about  Turonian  time,  bottom  water 
in  the  western  North  Atlantic  again  became 
oxygenated  but  the  CCD  remained  shallow,  and 
only  a  few  tens  of  meters  of  pelagic  multi¬ 
colored  clays  were  deposited  in  the  deep 
basin  during  the  Late  Cretaceous.  However, 
the  contemporary  continental  rise  received 
a  gradually  increasing  influx  of  sediment 
from  the  continental  shelf.  bLelf-edge  reefs 
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that  became  extinct  in  the  middle  Cretaceous 
probably  were  overstepped  by  shelf  sediments, 
a.id  lowering  Late  Cretaceous  sea  level  facili¬ 
tated  sediment  dispersal  to  the  deep  sea. 

A  rapid,  brief  depression  of  the  CCD  in  the 
middle  to  late  Maestrichtian  resulted  in 
deposition  of  marly  chalks  throughout  most  of 
the  basin.  These  chalks  correlate  with  Horizon 
A  .  Beneath  the  continental  rise.  Horizon  A* 
is  interbedded  with  numerous  reflectors  that 
resulted  from  terrigenous  influx  from  the 
continental  shelf.  Farther  seaward,  comparable 
acoustically  laminated  sediments  occur  mostly 
above  Horizon  A  ,  suggesting  that  deposition 
of  turbidites  extended  gradually  seaward 
during  the  Paleocene.  By  early  Eocene  time 
distal  turbidites  were  being  deposited  on  the 
western  part  of  the  present  Bermuda  Rise. 

Bicgenic  silica  was  an  important  sedimentary 
component  from  late  Paleocene  probably  to 
late  Oligocene  time.  Silica  deposition  was 
especially  enhanced  during  the  early  part  of 
the  Eocene,  and  diagenesis  in  upper-lower  to 
lower-middle  Eocene  sediments  formed  porce- 
lantic  cherts  that  correlate  with  Horizon  A^. 
This  widespread  reflector  is  observed  within 
siliceous  turbidites  west  of  Bermuda  and  in 
pelagic  clays  and  ridge-flank  carbonates 
farther  east. 

Horizon  AT  marks  the  top  of  the  acoustically 
laminated  turbidites  within  which  Horizon  AC 
is  developed  west  of  Bermuda.  Horizon  AT 
ranges  in  age  from  middle  to  late  Eocene. 

The  older  age  documents  the  time  at  which 
uplift  began  to  form  the  Bermuda  Rise,  isolating 
it  from  turbidite  influx.  This  uplift  was 
accompanied  by  formation  of  the  Bermuda 
volcanic  pedestal,  which  reached  sea  level  by 
late  middle  Eocene  time.  Horizon  Av  correlates 
with  the  top  of  upper  Eocene  to  upper  Oligo¬ 
cene  volcaniclastic  turbidites  that  surround 
Bermuda  and  record  subaerial  weathering  of 
the  Bermuda  voi-  woes.  The  reflector  is 
continuous  with  th''  acoustically  opaque  apron 
of  the  Bermuda  Pedestal.  It  extends  as  much 
as  200  km  away  from  Bermuda  and  seismically 
masks  deeper  reflectors  near  the  island. 

Between  late  Eocene  and  early  Miocene  time, 
abyssal  boundary  currents  eroded  a  major 
unconformity  (Horizon  A^)  along  the  continental 
rise.  This  unconformity  truncates  Horizons 
ATS  A  ,  A*,  and  8  near  and  beneath  the  present 
continental  rise  and  in  the  "Horizon  A-3 
outcrop"  north  of  San  Salvador.  The  unconfor¬ 
mity  subsequently  was  buried  beneath  rapidly 
deposited  Miocene  to  Holocene  hemipelagic 
sediments  that  have  shaped  the  bulk  of  the 
present  continental  rise.  There  is  a  striking 
change  in  depositional  regime  above  Horizon 
AU  and  laterally  tir.e-equivalent  levels. 

Whereas  earlier  deposition  was  in  the  form  of 
pelagic  drapes,  accretionary  prisms,  and 
sediment  ponds,  the  overlying  sediments 
commonly  exhibit  migrating  waves,  sediment 


drifts,  local  moats,  and  other  patterns  of 
differential  deposition.  All  of  these  patterns 
attest  to  the  development  of  the  abyssal 
circulation  as  an  effective  geologic  agent 
after  late  Eocene  time. 
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Abstract.  Since  latest  Triassic  time,  sediments 
have  been  accumulating  on  subsiding  continental, 
transitional,  and  oceanic  crust.  The  Continental 
Rise  lies  on  oceanic  basement  that  can  be  traced 
by  its  characteristic  hyperbolic  acoustic  signa¬ 
ture  and  weak  lineated  magnetic  anomalies  from  the 
deep  sea  across  the  Jurassic  magnetic  quiet  zone 
as  far  landward  as  the  East  Coast  Magnetic  Anomaly 
(ECMA) .  Fracture  zones  delineated  in  the  oceanic 
basement  are  aligned  with  displacements  in  the 
edge  of  the  adjacent  continental  crust  which 
appear  to  control,  in  part,  the  geometry  of  the 
four  major  structural  basins  that  underlie  the 
continental  margin  landward  of  the  ECMA.  Transi¬ 
tion  zones  between  basins  and  platforms  are  often 
defined  by  the  disruption  of  gravity  and  magnetic 
anomaly  trends  which  parallel  the  margin.  Broad, 
weak,  free-air  gravity  anomaly  lows  and  long-wave¬ 
length,  low-amplitude  magnetic  anomalies  charact¬ 
erize  these  basins  while  weak  gravity  highs  and 
high  amplitude  short  wavelength  magnetic  anomalies 
are  more  typical  over  the  intervening  platforms. 

Following  separation  of  North  America  from 
Africa  in  the  Late  Triassic  and  earliest  Jurassic, 
sediments  accumulated  rapiciy  on  rifted  and 
thinned  continental  and/or  transitional  crust,  but 
more  slowly  on  oceanic  crust  seaward  of  the  ECMA. 
During  Late  Cretaceous  and  Tertiary,  subsidence 
slowed  and  tectonism  was  limited  to  regional 
warping  and  minor  faulting.  As  much  as  10  km  of 
total  sediment  were  deposited  in  the  Georges  Bank 
basin,  14  km  in  the  Baltimore  Canyon  Trough,  8  kn 
in  the  Southeast  Georgia  Embayment,  and  12  km  in 
the  Blake  Plateau.  Upper  Triassic  and  Lower 
Jurassic  continental  beds  and  some  evaponte 
deposits  gave  way  to  carbonate  deposits  of  Late 
Jurassic  to  Early  Cretaceous  age;  marine  sands 
and  clays  prograded  during  the  remainder  of  the 
Cretaceous.  In  the  early  Tertiary,  Blake  Flat'eau 


sedimentation  ended  or  slowed  owing  to  initiation 
of  stronger  Gulf  Stream  flow;  off  New  Jersey  and 
New  England,  limited  deltaic  deposition  occurred. 
The  shelf  edge  has  shifted  20-30  km  landward  of 
the  Cretaceous  shelf  edge,  apparently  in  response 
to  numerous  sea  level  lowerings  which  may  have 
started  in  the  early  Tertiary  and  culminated  in 
Pliocene  and  Pleistocene  time.  Of  greatest 
petroleum  potential  in  the  sedimentary  basins  are 
traps  associated  with  intrusions,  carbonate  reefs 
and  banks,  pinchouts  in  the  transgressional  wedge, 
drape  structures  over  deeply  buried  fault  blocks, 
and  a  few  diapirs. 

Introduction 

The  U.  S.  Geological  Survey  has  been  collecting 
geological  and  geophysical  data  on  the  Atlantic 
and  Gulf  coast  continental  margins  of  the  United 
States  since  1962.  The  first  six  years  of  this 
effort  involved  mainly  the  mapping  of  bathymetry, 
sediment  characteristics,  and  shallow  stratigraphy 
based  on  single-channel  seismic  profiles  (see 
Emery  and  Uchupi,  1972) .  By  1968  the  sediments  on 
toe  Atlantic  shelf  had  been  sampled  on  a  10-km 
spacing  (Hathaway,  1971)  and  seismic  surveys  com¬ 
pleted  on  a  50-75  km  spacing.  These  studies  pro¬ 
vided  an  excellent  picture  of  the  regional  shal  low 
stratigraphy  and  surficial  sediment  texture  and 
mineralogy,  but  were  not  adequate  to  assess  deep 
structure  and  stratigraphy  nor  to  evaluate  import¬ 
ant  environmental  phenomena  such  as  sediment 
dynamics  and  geotechnical  properties. 

Partly  in  response  to  leasing  initiatives,  in 
1S73  new  studies  were  undertaken  of  the  environ-, 
mental  hazards  on  the  Outer  Continental  Shelf  of 
the  Gulf  of  Mexico  and  of  the  resource  potential 
and  environmental  hazards  on  the  Atlantic  Outer 
Continental  Shelf.  The  new  data  have  included 
gravity,  magnetic,  and  multichannel  seismic 

FOLGER  87 


Fig.  1.  Tracks  along  which  multichannel 
seismic  data  have  been  collected  for  the 
U.  S.  Geological  Survey  between  1973  and 
1978. 

profiles;  sediment  cores  as  much  as  300-ra  long; 
suspended  sediment  concentrations;  and  bottom 
current  measurements.  This  paper  presents  only 
those  data  that  provide  new  information  on  the 
structural  and  stratigraphic  evolution  of  the 
Atlantic  continental  margin. 
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The  Atlantic  continental  margin  of  the  United 
States  is  one  of  the  most  extensively  studied 
areas  of  the  world.  Sediments  were  sampled  in  the 
19th  century  (Pourtales,  1872)  and  some  of  the 
earliest  marine  geophysical  surveys  were  carried 
out  off  the  mid-Atlantic  stares  (Ewing  and  others, 
1937,  1938,  1940).  By  the  1950’s,  syntheses  of 
seismic  refraction  measurements  revealed  thick 
(5  km)  sedimentary  prisms  beneath  the  shelf  that 
had  compressional  velocities  <4.5  km/s;  underlying 
rocks  that  had  velocities  >5.3  km/s  were  inter¬ 
preted  to  be  basement  (Ewing  and  Press,  1950; 

Ewing  and  Ewing,  1959;  Drake  and  others,  1959).  In 
a  classic  paper,  Drake,  Ewing,  and  Sutton  (1959) 
equated  two  sedimentary  troughs,  one  beneath  the 
Shelf  end  another  beneath  the  upper  Continental 
P.ise,  off  the  Atlantic  margin  with  the  raio-  and 
eugeosynclines  of  Stille  (1936,  1941)  and  Kay 
(1951). 

Subsequently,  single  channel  seismic  reflection 
profiles  (Emery  and  Uchupi,  1972)  revealed  hori¬ 
zons  on  the  Continental  Slope  where  water-bottom 
multiple  problems  were  not  as  severe  as  on  the 
Continental  Shelf.  From  these  and  other  data,  the 
high  velocities  near  the  Shelf  edge  in  the  early 
refraction  studies  were  reinterpreted  and  attri¬ 
buted  to  carbonate  rocks  (Emery  and  Uchupi,  1972; 
Sheridan,  1974;  Mattick  and  others,  1974,  1976a; 
Schlee  and  others,  1976,  1977;  Grow  and  others, 
1978)  instead  of  basement. 

The  first  Common  Depth  Point  (CDP)  seismic 
reflection  profiles  to  be  released  to  the  public 
were  contracted  by  the  U.  S.  Geological  Survey  on 
the  Atlantic  margin.  They  revealed  that  the  sedi¬ 
mentary  trough  beneath  the  Shelf  contained  more 
than  12  km  of  sediment  and  the  trough  beneath  the 
Continental  Rise  contained  less  than  8  km  of  sedi¬ 
ment  (Schlee  and  others,  1976;  Grow  and  others, 
1978).  The  troughs  were  similar  in  outline  to 
those  described  by  Drake  and  others  (1959)  but 
the  CDP  profiles  showed  that  the  thicker  section 
lay  under  the  Shelf  and  not  under  the  Slope  as 
previously  suggested.  The  troughs  were  separated 
by  an  acoustically-op-vque  zone  at  3-6  km  depth 
(Behrendt  and  others,  1974;  Schlee  and  others, 
1976;  Grow  and  others,  1979). 

Early  aeromagnetic  and  shipboard  geomagnetic 
surveys  over  the  Atlantic  continental  margin 
revealed  a  prominent  positive  anomaly  along  the 
Outer  Shelf  and  Slope  which  is  known  as  the  East 
Coast  Magnetic  Anomaly  (Keller  and  ethers,  1954; 
Drake  3nd  others,  1963;  Taylor  and  others,  1968). 
Taylor  and  others  s„j.96S)  constructed  a  100  aT 
contour  magnetic  anomaly  map  of  the  i tlantic  mar¬ 
gin  which  suggested  that  basement  is  shallow 
under  the  Inner  Shelf  but  is  much  deeper  under 
the  Outer  Shelf  and  Continental  Rise.  They  also 
inferred  that  the  East  Coast  Magnetic  Anomaly" 
was  caused  by  a  vertical  intrusive  body  about  30- 
ka  wide  only  7  km  beneath  the  Outer  Shelf  and 
upper  Slope. 

Early  gravity  measurements  along  the  U.  S. 
Atlantic  margin  were  made  by  means  of  pendulum 
systems  aboard  submarines  (Korzel  ard  Shurbet, 


Fig.  2.  Tracks  along  which  aeromagnetic  data  were  collected  by  LKB  Resources, 
Inc.  for  the  U.  S.  Geological  Survey  (from  Klitgord  and  Behrendt,  1979). 


1955;  Worzel,  1965).  By  the  late  1960's,  improved 
surface  ship  gravimeters  increased  the  quality  and 
quantity  of  the  data  collected.  Free  air  gravity 
anomaly  maps  of  the  Atlantic  continental  margin 
ware  published  by  Emery  and  others  (1970)  and 
Rabinowitz  (1974)  at  contour  intervals  of  20  and 
25  mgal.  More  recently,  U.  S.  Navy  and  U.  S. 


Geological  Survey  data  have  been  compiled  to  pro¬ 
vide  a  free  air  gravity  anomaly  map  contoured  at 
an  interval  of  10  mgal  (Grow  and  others,  1976,  in 
press;  Grow  and  Bowin,  1977;  Ewing,  1978). 

In  addition  to  these  extensive  geophysical 
investigations,  several  drilling,  coring,  and 
dredging  programs  have  provided  geological  samples 
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Fig.  3.  Tracks  along  which  gravity  data  have  been  collected  by  the 
U.  S.  Geological  Survey  during  1975  and  1976  and  by  the  U.  S.  Navy 
between  1966  and  1963  (Grow  and  Bowin,  1977;  Grow  and  others,  in 
press) . 


from  this  region.  Published  stratigraphic  and 
paleoecologic  information  includes  a  study  of  the 
COST  B-2  well  (Scholle,  1977;  Poag,  1978);  deep- 
sea  drilling  sites  (J01DES,  1967;  Hollister,  Ewing 
and  others,  1972);  the  Atlantic  Slope  Project  (ASP) 
of  Exxon,  Mobil,  and  Chevron  Oil  Companies  (Poag, 
1978);  the  USGS  Atlantic  Margin  Coring  Program 
(Hathaway  and  others,  1976;  Poag.  1978);  dredge 
hauls  from  submarine  canyons  (St  tson,  1936,  1949; 
Heezen  and  Sheridan,  1966);  and  samples  collected 
from  submersibles  (Gibson  and  others,  1968;  see 
Weed  and  others,  1974;  Ryan  and  others,  1978; 
Valentine,  1978). 

Methods  of  Investigation 
Common  Depth  Point  (CDP)  Seismic  Profiles 

We  now  have  20,000  km  of  CDP  profiles  collected 
from  1973  through  1978  (Fig.  1).  This  gives  us  a 
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cross-shelf  line  spacing  of  about  A0  km;  in  addi¬ 
tion,  one  long  line  extends  continuously  along  the 
Shelf  from  Nova  -cotia  to  'he  Bahamas,  another  lies 
along  the  base  of  the  Continental  Slope  from 
Georges  Bank  to  the  Blake  basin,  and  several  other 
short  lines  parallel  the  Shelf  edge. 

Although  most  of  the  CDP  data  presented  have 
been  acquired  and  processed  by  contract  geophysical 
companies,  some  of  the  lines  in  the  Blake  Plateau 
area  were  obtained  in  cooperation  with  the  Univer¬ 
sity  of  Texas  and  the  institut  Frangais  du  Petrole. 
Most  data  were  collected  with  an  array  of  air  guns 
(volume:  1400-2200  in3  at  1800-2000  psi)  fired 
simultaneously  every  50  m;  returning  signals  were 
received  by  a  24-  to  48-group  (50-  and  100-m 
spacing)  hydrophone  array  2.4  to  3.6  km  long.  Data 
were  recorded  on  a  48-channel  tape  recorder  and  a 
single  channel  analog  recorder.  Tapes  were  pro¬ 
cessed  to  include  true  amplitude  recovery,  normal 
move-out  correction,  common  depth  point  gather. 


Fig.  4.  The  major  structural  elements  on  the  Atlantic  continental  margin 
with  fracture  zones  and  magnetic  anomalies  depicted  offshore  and  the  dis¬ 
tribution  of  basins  and  platforms  along  the  margin  (from  Klitgord  and 
Behrendt,  1979). 


velocity  analysis,  CDP  stack  and  time  variant  deconvolution-type  method  (Hartman  and  others,  1971; 

filtering,  and  horizontal  stack.  Jain,  1976)  which  assumes  that  the  magnetic  sources 

are  either  two  dimensional  dikes  or  edges  of  tock 
Geomagnetic  Profiles  bodies.  Generally,  sediments  within  a  basin  have 

weaker  susceptibilities  than  basement;  therefore, 

A  new  185,000  km  high-sensitivity  aeromagnetic  the  sources  of  major  magnetic  anomalies  are  inter¬ 
survey  (Fig.  2)  was  acquired  through  contract  in  preted  to  be  basement  structures,  magnetic  suscept- 

1975  with  LKB  Resources,  Inc.  It  was  combined  ibility  variations  within  basement  rocks,  or  vol- 

with  aeromagnetic  data  collected  in  1964-66  by  the  canic  rocks  within  basement  or  the  overlying 

S.  Naval  Oceanographic  Office  (published  in  sediment  column.  Methods  for  estimating  magnetic 

1966  and  1972)  and  with  surface  ship  data  published  source  depths  require  assumptions  about  the 

by  Vogt  and  others  in  1971.  The  summarized  data  sources.  In  the  interpretations  presented,  seismic 

have  been  interpreted  by  Klitgord  and  Behrendt  reflection  and  refraction  profiles  and  borehole 

(1979).  Magnetic  anomaly  maps  were  compiled  at  a  data  have  been  used  to  limit  these  assumptions  and 

scale  of  1:250,000  with  a  contour  interval  of  2 nT  thereby  to  increase  the  reliability  of  the  depth 

by  LKB  Resources,  Inc.  and  at  a  scale  of  estimates. 

1:1,000,000  with  a  contour  interval  of  50  nT  bv 

Klitgord  and  Behrendt  (1977).  Gravity  Measurements. 

The  depth-to-basement  maps  (Klitgord  and 

Behrendt,  1979)  and  parts  of  the  geologic  cross  During  1975  and  1976,  approximately  39,000  km  of 

sections  presented  in  this  paper  are  based  on  new  gravity  data  were  obtained  along  the  U.  S. 

depth-to-source  estimates  derived  from  a  Werner  Atlantic  margin  on  USGS  cruises  using  the  Woods 
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Fig.  5.  Gravity  field  over  tn.  6.  Atlantic  continental  margin 
(from  Grow  and  others,  in  press).  Prepared  from  U.  S.  Geological 
Survey  and  U.  S.  Navy  data  (Fig.  3)  plus  previous  data  from  Emery 
and  others  (1970)  and  Rabinowitz  (1974). 


Hole  Oceanographic  Institution's  vibrating-string 
sea  gravimeter  (Bowin  and  others,  1972)  (Fig.  3). 
Navigation  used  satellite  and  Loran-C  systems  for 
positioning;  velocity  was  measured  by  a  combination 
of  doppler  sonar,  range-range  Loran-C,  and  Chesa¬ 
peake  Speed  Log.  The  root-mean-square  of  the  line 
cross  errors  for  these  cruises  are  less  than  2-1/2 
mgal,  and  the  data  are  satisfactory  for  contouring 
at  a  10  mgal  interval.  These  data  were  combined 
with  recently  declassified  U.  S.  Navy  data  and 
previously  published  data  to  provide  a  preliminary 
map  north  of  36°N  (Grow  and  others,  1976);  and  a 
revised  free-air  anomaly  map  of  the  entire  margin 
from  northern  Florida  to  Maine  at  a  10-mgal  contour 
interval  has  been  prepared  by  Grow  and  others  (in 
press). 
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Results  of  Investigations 


Overview 


We  now  have  enough  data  to  recognize  the  major 
structural  elements  of  the  U.  S.  Atlantic  margin 
and  to  construct  diagrammatic  cross  sections  of 
the  major  basins  and  platforms.  High  quality  deep 
seismic  reflection  data  have  reduced  ambiguities 
in  the  interpretation  of  gravity  a«u  magnetic  data 
anc  conversely,  where  CDP  data  are  weak,  as  at  the 
Shelf  edge,  aeromagnetic  data  have  strengthened 
the  interpretation.  Nevertheless,  integration  of 
such  extensive  geophysical  measurements  is  only 
beginning;  thus,  this  paper  is  an  initial  attempt 
to  review  it  briefly  in  one  place. 
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Fig.  6.  Interpretative  cross  section  along  CDP  Line  5  southeast  of  Cape  Cod  across 
the  northeastern  part  of  the  Long  Island  platform  (0  to  75  km  distan-e)  and  the 
southwestern  end  of  the  Georges  Bank  basin  (75  to  175  km  distance).  Line  5  is 
unique  in  that  the  top  of  oceanic  basement  can  be  clearly  traced  to  a  depth  of  10 
km  at  the  axis  of  the  East  Coast  Magnetic  Anomaly  (Grow  and  others,  197S>.  The 
Moho  configuration  is  based  on  gravity  modeling  (Grow  and  others,  in  press). 


Clearly,  the  drilling  presently  underway  in  the 
Baltimore  Canyon  Trough  (Fig.  4)  and  the  Southeast 
Georgia  Embayment  will  provide  a  more  solid  geo¬ 
logic  basis  for  interpretations  which  now  include 
only  the  limited  core  data  provided  by  two 
Continental  Offshore  Stratigraphic  Test  (COST) 
wells,  B-2  and  GE-1  (Fig.  1)  (Smith  and  others, 
1976;  Scholle,  1977)  and  from  39  shallow  ('300  m) 
stratigraphic  holes  drilled  between  1965  and  1976 
(Bunce  and  others,  1965;  Hathaway  and  others,  1976; 
Poag,  1978).  Data  from  the  two  COST  wells  drilled 
on  Georges  Bank  (Fig.  1)  have  not  been  released 
at  the  time  of  this  writing  and  hence  are  not 
available  for  our  interpretation. 

The  major  structural  elements  of  basins,  plat¬ 
forms,  and  fracture  zones  for  the  Atlantic  conti¬ 
nental  margin  (Klitgord  and  Behrendt,  1979)  are 
summarized  in  Figure  4.  In  solid  black  are  basins 
that  contain  exposed  red  beds  and  volcanic  rocks 


of  probable  Triassic  and  Jurassic  age.  Extensions 
of  these  basins  seaward  and  the  presence  of  other 
buried  Triassic  and  Jurassic(?)  basins  have  been 
inferred  from  magnetic  and  drillhole  data.  For 
example,  at  Nantucket  recent  USGS  drilling  has 
revealed  basalt  flows  at  459  m  below  sea  level 
that  have  a  minimum  age  of  183  ±6  m.y.  (Folger  and 
others,  1978).  Similar  basalts  drilled  by  the 
USGS  near  Charleston,  S.C.,  have  been  dated  at 
162-204  m.y.  (Gohn  and  others,  1978).  The  major 
platforms  of  shallow  pre-Jurassic  continental 
crust  along  the  margin  border  the  syntectonic  and 
post-rift  basins  that  are  filled  mainly  with  Meso¬ 
zoic  sediments.  These  basins  are,  in  order  from 
north  to  south,  the  Georges  Bank  basin,  the  Balti¬ 
more  Canyon  Trough,  the  Carolina  trough,  and  the 
Blake  Plateau  basin  (Fig.  4). 

The  seaward  margin  of  the  Mesozoic  shelf  basins 
north  of  32°N  latitude  (Fig.  4)  is  marked  by  the 
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Fig.  7.  Isopach  map  of  total  sediment  overlying  basement  in  the 
Georges  Bank  area  based  on  CDP  seismic  data 
(from  Schlee  and  others,  1977). 


East  Coast  Magnetic  Anomaly  (Klitgord  and  Behrendt, 
1979).  Most  authors  (Sheridan,  1974;  May hew,  1974; 
Rabinowitz,  1974;  Schlee  and  others,  1976;  Grow 
and  Schlee,  1976;  Grow  and  others,  1978)  believe 
that  beneath  the  shelf  basins,  basement  is  composed 
of  faulted  and  thinned  blocks  of  continental (?) 
crust.  Seaward  of  the  ECMA,  the  seismic-ref  lecticn 
and  refraction  data  and  long  lineated  magnetic 
anomalies  indicate  typical  oceanic  crust  (Mayhew, 
1974;  Schlee  and  others,  1976;  Klitgord  and  Beh¬ 
rendt,  1977;  Sheridan  and  others,  in  press).  In 
general,  the  seismic  data  indicate  a  greater  depth 
to  basement  on  the  landward  side  of  the  ECMA  than 
on  the  seaward  side.  Numerous  >10-km  magnetic 
depth  estimates  just  landward  of  the  ECMA  and  a 
set  of  6-8  km  depth  estimates  along  the  ECMA 
suggest  a  basement  high  in  the  region.  The  sus¬ 
ceptibility  contrasts  associated  with  the  shallow 
(6-8  km) depth  estimates  suggest  that  their  source  is 
most  likely  a  basement  high  with  a  susceptibility 
contrast  >10  X  10"'4  (C.G.S.  units)  associated  with 
the  landward  edge  of  this  oceanic  crust.  The 
seismic  profiles  usually  do  not  show  coherent 
reflections  deeper  than  3-6  km  in  the  vicinity  of 
the  magnetic  basement  high;  but  in  most  cases  above 
these  highs,  a  disturbed,  acoustically- incoherent 
zone  has  been  interpreted  as  carbonate  rocks 
(Schlee  and  others,  1976;  Grow  and  others,  1978). 

On  the  other  hand,  reflections  off  oceanic  basement 
can  usually  be  detected  to  within  50  to  75  km  of 
the  ECMA;  for  example,  on  CDP  Line  S  off  Cape  Cod 
(Figs.  1  and  6),  oceanic  basement  was  traced  to  the 
ECMA  where  it  terminates  at  a  depth  of  about  10 
km  (Grow  and  others,  1979).  Thus  the  ECMA  marks 
the  seaward  margin  of  the  Mesozoic  basins  and 
probably  the  landwar  1  margin  of  the  oceanic  crust. 

The  orientation  of  fracture  zones  (Fig.  4)  has 
been  determined  froir  the  offsets  of  sea  floor 
spreading  anomalies  seaward  of  the  Mesozoic  quiet 
zone  (Schouten  and  Klitgord,  1977)  and  the  projec¬ 
tion  of  these  fracture  zones  across  the  Jurassic 
quiet  zone  using  the  basement  relief  which  clearly 
marks  the  trends  of  the  fracture  zones  (Klitgord 
and  Schouten,  1977).  The  horizontal  offsets  in 
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the  edge  of  continental  crust,  which  resulted 
from  the  initial  rifting  of  North  America  from 
Africa  in  Early  Jurassic,  were  propagated  in  the 
oceanic  crust  as  transform  faults  which  are  now 
preserved  in  the  offshore  fracture  zone  pattern. 

A  lG-mgal  gravity  anomaly  map  (Fig.  5)  of  the  U. 
S.  Atlantic  margin  has  been  prepared  from  recent 
u'.  S.  Navy  and  USGS  data  (Fig.  3)  supplemented  by 
earlier  data,  mainly  from  the  Lamont-Doherty  Geo¬ 
logical  Observatory  of  Columbia  University  and  the 
Woods  Hole  Oceanographic  Institution  (Grow  and 
others,  in  press).  The  most  prominent  free-air 
gravity  anomalies  at  continental  margins  are 
usually  positive  along  the  Shelf  edge  and  negative 
along  the  base  of  the  Slope.  This  is  due  largely 
to  the  edge  effects  of  the  changing  topography  and 
changing  depth  to  the  crust-mantle  boundary.  How¬ 
ever,  free-air  values  change  significantly  along 
the  length  of  the  U.  S.  margin  and  correlate  with 
transitions  between  shelf  basins  and  platforms  and 
with  fracture  zones  mapped  in  the  oceanic  crust 
(Fig.  4). 

The  major  shelf  basins  (Fig.  4)  are  characterized 
by  broad,  free-air  anomaly  gravity  lows,  usually 
ranging  from  0  t&  — 30  mgal.  Areas  such  as  the  Cape 
Cod  and  Cape  Hatteras  parts  of  the  Long  Island  and 
Carolina  platforms  are  characterized  by  positive 
free-air  anomalies,  usually  between  0  and  +30  mgal. 

The  free-air  anomaly  minimum  along  the  base  of 
the  Continental  Slope  changes  abruptly  at  several 
locations  along  the  margin.  In  some  cases  the 
free-air  positive  of  the  Shelf  edge  and  the  nega¬ 
tive  along  the  Slope  both  increase  or  decrease  by 
20-30  mgal  along  strike  over  a  distance  of  50  km. 
The  most  impressive  examples  of  these  abrupt 
transitions  are  at  the  Blake  Spur  fracture  zone, 
east  of  Cape  Hatteras,  near  Norfolk  Canyon,  off 
Delaware  Bay,  and  south  of  Cape  Cod.  The  change 
m  free-air  anomaly  values  along  strike  reflects, 
in  part,  significant  differences  in  width  and 
depth  of  the  sedimentary  basins  and  the  depth  of 
Moho  underlying  the  crustal  blocks.  The  fact  that 
these  abrupt  transitions  of  the  Shelf  edge  positive 
and  the  Slope  minimums  are  often  concurrent,  and 


Fig.  8.  Depth  to  basement  in  the  Georges  Bank  basin  based  on  magnetic  depth-to-basement  estimates 
(from  Klitgord  and  Behrendt,  1979). 


the  fact  that  they  correlate  with  the  early  oceanic 
fracture  zones  suggest  that  both  the  basin  distri¬ 
bution  and  the  fracture  zones  are  related  to  the 
adjacent  continental  and  transitional  crustal 
blocks  beneath  the  Shelf.  A  more  detailed  discuss¬ 
ion  of  the  free  air  anomalies,  isostatic  anomaly 
profiles,  and  several  two-dimensional  gravity 
models  along  multichannel  seismic  Lines  5  and  6 
are  given  by  Grow  and  others  (in  press) . 

The  integration  of  all  our  geophysical  data  is 
depicted  in  schematics  of  the  crust  across  the 
Atlantic  continental  margin  (Grow  and  others,  1979) 
and  is  illustrated  by  Figure  6.  The  computations 
for  isostatic  anomalies  shown  in  this  figure 
include  an  assumed  water  layer  density  of  1.03  g/cc 
and  a  crustal  density  of  2.7  g/cc,  a  mantle  density 
of  3.3  g/cc,  and  a  depth  of  compensation  of  30  km 
at  the  shoreline.  We  have  ignored  sediment  cor¬ 
rections  which  Rabinowitz  suggests  (1974)  are  small 
and  do  not  change  the  isostatic  anomaly  greatly. 

The  stratigraphic  system  and  series  boundaries 
shown  within  the  sedimentary  rocks  are  based  on 
tentative  correlations  with  bore  holes  to  the 
south  (COST  B-2)  and  to  the  north  (Shell-Mohawk 
B-93,  Fig.  1),  and  on  the  character  of  the  reflec¬ 


tors.  We  infer  facies  changes  from  the  interval 
velocities,  from  extrapolation  of  bore  hole  data, 
and  from  exposures  on  land,  i.e.,  Triassic  basins. 
The  sediment/basement  interface  is  derived  from 
CDP,  magnetic,  and  gravity  data.  The  oceanic 
crustal  layer  and  mantle  boundaries  have  been 
determined  by  seismic  refraction  data  near  CDP 
Lines  2  and  6  off  New  Jersey  (Sheridan  and  others, 
in  press) .  The  depth  to  Moho  inferred  along  CDP 
Lines  5,  6,  and  IPOD  are  in  agreement  with  gravity 
models  off  Cape  Cod  and  Cape  Hatteras  (Grow  and 
others,  1979). 

Georges  Bank  Basin 

The  structural  complexity  of  the  basement  under¬ 
lying  Georges  Bank  is  revealed  by  an  isopach  map  of 
total  sediment  thickness  based  on  CDP  data  (Fig.  7; 
from  Schlee  and  others,  1977)  and  a  depth-to- 
magnetic-baseraent  map  (Fig.  8;  from  Klitgord  and 
Behrendt,  1979).  On  CDP  profiles,  acoustic  base¬ 
ment  is  lost  near  the  Shelf  edge,  but  the  magnetic 
data  indicate  that  the  basement  ridge  present 
beneath  the  ECMA  is  as  shallow  as  '6  km_  below  sea 
level  seaward  of  the  basin  axis.  Within  Georges 
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Fig.  9.  Cross  sections  showing  seismic  interval  velocities  for  CDP  seismic  Line  1  across  the  Georges  Bank 
basin  (modified  from  Schlee  and  others,  1976). 


Bank  basin,  coherent  seismic  reflectors  can  be  seen 
only  to  depths  of  7  km  (Schlee  and  others,  1976), 
but  weak  reflectors  below  7  km  combined  with  magne¬ 
tic  depth  solutions  indicate  that  the  sedimentary 
rocks  within  the  Triassic  grabens  may  extend  to  a 
depth  of  10  to  12  km.  Sediments  thin  to  the  north¬ 
east  over  block-faulted  basement  that  rise  to  form 
the  La  Have  platform.  To  the  northwest,  thinning 
occurs  in  a  somewhat  simpler  manner  on  the  Long 
Island  platform. 

Interpretations  of  CDP  Line  1  (Figs.  1  and  9) 
across  the  Georges  Bank  basin  suggests  that  velo¬ 
cities  increase  laterally  (in  a  seaward  direction) 
as  well  as  vertically  as  depth  increases.  Near¬ 
shore,  velocities  increase  with  depth  from  1.9  km/s 
(typical  of  poorly  consolidated  sand  and  shales) 
to  4.1  km/s  (typical  of  consolidated  sands  and 
shales.  In  the  basin,  tho.y  increase  from  2.05  k m/s 
(typical  of  consolidated  sands,  shales,  and  carbo¬ 
nate  rocks)  in  the  upper  kilometer  to  5.9  km/s  at 
depth  (typical  of  indurated  limestones  or  dolo¬ 
mites).  Seismic  refraction  data  near  the  seaward 
edge  of  Georges  Bank  also  reveal  velocities  of  5.0 
km/s  at  depths  of  1.8  km  (Drake  and  others,  1959; 
Jaworski  and  others,  1976).  Reflectors  along  this 
line  are  diffuse  at  the  Shelf  edge  and  cannot  be 
traced  under  the  upper  Slope.  On  the  basis  of 
these  velocities,  limited  dredge  data  (Verrill, 
1878;  Agassiz,  1888;  Cushman,  1936;  Stetson,  1936, 
1949),  and  submersible  observations  (Ryan  and 
others,  1978),  a  lithostratigraphic  section  has 
been  constructed  (Fig.  10). 

We  have  interpreted  the  high  velocities  near  the 
Shelf  edge  as  representative  of  a  carbonate  bank 
or  reef  similar  to  the  one  described  by  Jansa  and 
Wade  (1975)  and  by  Given  (1977)  to  the  north  under 
the  Scotian  Shelf,  and  also  inferred  off  northwest 
Africa  (Bhat  and  others,  1975).  The  carbonate 

96  FOLGER 


platform  probably  is  of  Middle  Jurassic  to  Early 
Cretaceous  age  (Schlee  and  others,  1976;  Uchupi 
and  others,  1977;  Ryan  and  others,  1978;  Poag, 
1978).  The  5. 6-5. 9  km/s  interval  velocity  layer 
indicates  that  massive  carbonate  deposits  extended 
across  all  of  Georges  Bank  during  Middle  Jurassic 
time;  but  the  5.2  km/s  zone  indicates  that  carbon¬ 
ate  deposits  were  restricted  to  the  Shelf  edge 
during  Late  Jurassic  and  Early  Cretaceous  time. 

The  section  is  underlain  by  probable  Triassic  and 
Lower  Jurassic  red  beds  and  volcanic  rocks,  and  is 
overlain  by  a  prism  of  post-Jurassic  clastic  rocks 
that  is  as  much  as  3-km  thick  (7-10  km  deep?). 

Thus,  the  section  is  similar  to,  but  much  thicker 
than,  the  one  penetrated  by  the  Shell-Mohawk  well 
on  the  La  Have  platform  (Figs.  1  and  4). 

Long  Island  Platform 

The  Long  Island  platform  (Fig.  4)  is  one  of 
several  regions  of  shallow  continental  crust  burial 
by  only  a  thin  layer  of  sediments  and  which  lie 
just  landward  of  the  sediment  basins.  The  inter¬ 
pretive  section  for  CDP  Line  5  (Fig.  6)  crosses 
the  northeastern  end  of  the  Long  Island  platform. 
Isostatic  anomalies  along  the  line  of  section  are 
low  and  imply  isostatic  equilibrium.  We  infer 
that  the  thin  sediment  cover  on  the  landward  part 
of  the  profile  lies  upon  nearly  normal  continental 
crust,  whereas  farther  seaward,  at  distances  of 
100-170  km  from  the  coast  (Fig.  6),  the  continental 
crust  underlying  the  outer  shelf  sediments  thins 
gradually  to  less  than  15  km  near  the  ECMA  (Grow 
and  others,  in  press). 

The  top  of  oceanic  crust  can  be  traced  clearly 
beneath  the  Continental  Rise  to  a  depth  of  10  km 
directly  beneath  the  axis  of  the  ECMA  (Grow  and 
others,  1979).  The  rise  of  oceanic  basement  to  a 


Fig.  10.  Cross  section  showing  a  thick  section  of 
Jurassic  and  Cretaceous  sediment  overlying  Triassic 
and  Jurassic  red  beds(?)  and  faulted  crystalline 
basement  (from  Schlee,  1978b). 

depth  of  8  km  is  inferred  from  the  magnetic  depth- 
to-basement  estimates  (Klitgord  and  Behrendt,  1979). 
This  seismic  line  establishes  the  clearest  correl¬ 
ation  between  the  most  landward  identifiable 
oceanic  basement  and  the  axis  of  the  high  magnetic 
anomaly  (600  nT)  that  characterizes  the  ECMA.  This 
line  also  defines  one  of  the  narrowest  zones  (70 
km)  of  thin  continental  crust  (transitional  crust) 
presently  known  along  the  margin. 

Baltimore  Canyon  Trough 

A  diagrammatic  cross  section  (Fig.  11)  along  CDP 
Line  2  (Fig.  1)  suggests  that  the  northern  part  of 
the  Baltimore  Canyon  Trough  is  probably  built 
across  a  zone  of  rifted,  thinned,  continental 
crust  (or  transitional  crust)  that  lies  landward  of 
the  thickened  edge  of  oceanic  crust  (source  of  the 
ECMA) .  The  sediments  that  fill  the  trough  have 
been  penetrated  and  uplifted  by  a  mafic  intrusion 
of  probable  Early  Cretaceous  age;  uplift  and  com¬ 
paction  of  strata  over  this  feature  have  created 
possible  structures  for  hydrocarbon  accumulations 
(Schlee  and  others,  1977).  Also  present  is  at 
least  one  salt(?)  diapir  (see  Line  14,  Fig.  1)  pro¬ 
jected  into  the  line  of  section  (Fig.  11)  from  16 
km  south  of  Line  2.  The  top  of  oceanic  basement 
beneath  the  ECMA  has  been  defined  at  7-8  km  depth 
by  magnetic  depth-to-seurce  estimates  and  is  over- 
lain  by  a  reef  or  carbonate  bank  complex  which 
developed  during  the  Jurassic  and  Early  Creta¬ 
ceous.  This  region  over  the  magnetic  basement 
high  is  the  second  major  area  of  interest  for 
hydrocarbon  accumulation  and  the  site  of  gas 
discoveries.  The  present  shelf  edge  is  about  20  kn 
landward  of  the  Cretaceous  shelf  edge;  this  change 
probably  resulted  mainly  from  the  erosion  associ¬ 
ated  with  the  major  sea  level  lowering  during  the 
Oligocene  (V3il  and  others,  1977)  and  subsequent 
redeposition  (Grow  and  others,  1979).  The  config¬ 
uration  of  the  basement  beneath  the  Baltimore 
Canyon  Trough  based  on  CDP  seismic  data  is  simpler 
than  that  beneath  the  Georges  Bank  (compare  Figs. 


7  and  12).  The  configuration  of  basement  based  on 
magnetic  data  for  the  Baltimore  Canyon  Trough  (Fig 
13)  closely  resembles  that  configuration  of  base¬ 
ment  determined  from  seismic  data,  but  is  more 
detailed  because  the  magnetic  coverage  is  denser. 
The  axis  of  the  trough  extends  from  the  Shelf  off 
Long  Island  almost  to  the  mouth  of  Chesapeake  Bay. 
Average  axial  sediment  thickness  is  10-12  km.  Only 
the  mafic  intrusion  breaks  the  continuity  of  this 
deep  axial  depression.  The  two  diagrammatic  cross 
sections  of  USGS  Lines  2  and  6  (Figs.  11  and  14) 
characterize  the  sedimentary  and  crustal  structure 
across  the  widest  part  of  the  Baltimore  Canyon 
Trough.  Seismic  Line  2  (Fig.  11)  crosses  the 
basin  where  it  is  widest  (150  km)  and  deepest, 
containing  as  much  as  14  km  of  sediment.  Block- 
faulted  and  thinned  continental  or  transitional 
crust  has  been  inferred  beneath  the  Continental 
Shelf  as  far  seaward  as  the  ECMA.  The  ridge  in 
magnetic  basement  that  forms  the  seaward  edge  of 
the  basin  rises  to  an  average  depth  of  about  8  km 
and,  in  places,  comes  to  within  '6  km  of  sea  leveL 
The  nonmagnetic  diapir  projected  from  16  km 
south  of  the  line  of  section,  interpreted  here  as 
salt,  shows  that  lower  Mesozoic  evaporite  deposits 
may  pierce  the  overlying  carbonate  and  clastic 
section  (Grow  and  others,  1979).  Some  strong 
reflectors  on  CDP  profile  2  at  a  depth  of  12  km 
may  be  due  to  interbedded  evaporite  and  carbonate 
deposits.  Possible  additional  evidence  for  the 
presence  cf  evaporite  deposits  in  the  area  was 
reported  by  Manheim  and  Hall  (1976) :  hypersaline 
(55%>o)  brines  were  reported  from  a  depth  of  1700  m 
in  ASP  holes  15  and  17  off  New  Jersey.  They 
estimated  that  saturated  brines  should  exist  3-4  kn 
below  bottom,  possibly  associated  with  salt 
diapirs.  In  addition,  off  northwest  Africa, 

Aptian  and  Albian  marls  with  barite  were  found  at 
DSDP  Site  369;  Lancelot  and  others  (1972)  suggested 
that  the  barite  indicated  upward  migration  of 
solutions  from  Jurassic  evaporite  deposits.  Thus, 
as  suggested  by  Evans  (197S),  the  accumulation  of 
evaporites  may  have  been  common  during  initial 
rifting  stages  of  continents  because  shallow  seas 
wt*e  restricted  from  open  ocean  waters.  The  depth 
of  the  rift  floor  and  early  spreading  center  is 
not  known,  but  it  may  have  been  shallow  similar  to 
that  of  the  East  African  rift  system  or  the  Afar. 

The  top  of  oceanic  basement  Layer  2  has  been 
established  on  the  basis  of  magnetic  depth-to- 
basement  estimates.  Our  interpretation  that 
oceanic  crust  is  thickest  under  the  ECMA  is  compat¬ 
ible  with  the  suggestion  of  Rabinowitz  and  LeBreque 
(1976)  that  abnormally  thick  ocean  crust  may  be 
typical  of  initial  rifting  stages  of  sea  floor 
spreading. 

CDP  Line  6  (Fi^.  14)  crosses  the  Baltimore  Canyon 
Trough  south  of  its  widest  part  and  is  not  compli¬ 
cated  by  the  presence  of  the  mafic  intrusion. 
Several  diapirs  have  been  inferred  here  as  well  as 
a  carbonate-bank  buildup  over  the  oceanic  basement-- 
The  section  is  compatible  with  gravity  models  and 
shows  a  wide  zone  in  which  thick  oceanic  crust 
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Fig.  11.  Interpretative  cross  se^  long  CDP  seismic  Line  2  near 

the  widest  part  of  the  Baltimore  Ca  *on  Trough  (from  Grow  and  others. 
1  ' 


extends  nearly  80  km  seaward  of  the  ECMA  (Grow 
and  others,  in  press). 

A  seismic  refraction  profile  by  F.wing  and  Ewing 
(1959)  plus  two  of  our  refraction  profiles  close 
to  CDP  Line6  (Grow  and  Schlee,  1976)  indicate  that 
a  7. 1-7. 2  kra/s  refracting  horizon  (thought  to  be 
the  top  of  oceanic  crustal  Layer  3B)  dips  landward 
from  a  depth  of  13  km  beneath  the  Continental  Rise 
to  a  depth  of  16  km  under  the  Shelf  edge 
(Sheridan  and  others,  in  press).  One  of  these 
refraction  profiles  indicated  that  the  Moho  is  at 
18-22  km  and  dips  to  the  northeast.  Although  no 
refraction  measurements  have  yet  delineated  the 
crustal  section  beneath  the  middle  Shelf,  a  gravity 
model  along  Line  6  suggests  that  thinned  conti¬ 
nental  crust  (transitional  crust)  12-km  to  15-kra 
thick  underlies  the  main  sedimentary  basins  in  the 
Baltimore  Canyon  Trough  region  (Grow  and  others, 
in  press). 

The  Continental  Shelf  edge  crossed  by  both 
Profiles  2  and  6  apparently  prograded  40-50  km 
seaward  over  oceanic  crust  during  Jurassic  and 
Early  Cretaceous  time  whereas  to  the  north,  off 
Cape  Cod,  and  to  the  south,  off  Cape  Hatteras, 
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little  change  in  the  Shelf  edge  location  took 
place  during  this  time.  However,  all  the  profiles 
show  retreat  of  the  Shelf  edge  by  20-30  km  during 
the  Tertiary.  According  to  Vail" and  others  (1977, 
pt.  4,  Fig.  2),  many  sea  level  lowerings  took 
place  during  Mesozoic  and  Cenozoic  time  and  have 
left  important  unconformities  along  continental 
margins.  Among  them,  the  late  Oligocene  lowering 
was  perhaps  the  greatest  and  is  inferred  to  have 
caused  much  of  the  change  in  Shelf  edge  location 
depicted  on  these  cross  sections  (Grow  and  others, 
1979).  Several  other  major  acoustic  units  delin¬ 
eated  in  the  Baltimore  Canyon  Trough  and  in  the 
Georges  Bank  basin  are  bounded  by  unconformities 
whose  ages,  based  on  the  work  of  Vail  and  others 
(1977)  and  correlation  with  strata  penetrated  in 
wells,  are  inferred  to  be  late  Miocene,  late  Oli¬ 
gocene,  early  Paleocene,  Coniacian,  Albian,  Late 
Jurassic,  and  Early  Jurassic  in  age. 

In  Figure  11  we  have  drawn  the  main  carbonate 
bank  or  reef  mass  close  to  the  area  of  thickened 
oceanic  basement  reflected  by  the  ECMA.  L’hether 
the  initiation  of  carbonate  accumulation  took 
place  directly  on  basement,  on  salt  that  overlay 
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Cretaceous  does  not  appear  to  have  exceeded 
possible  bank  buildup  or  reef  growth  rates  needed 
keep  the  water  shallow  (Poag,  1978). 

m'l  Strcatifraphic  Cross  secti°n  showing  the  upper 
10  ka  of  sediments  along  CDP  line  2  (Fig.  15)  depicts 
the  mferreo  facies  change  from  terrigenous  clastic 
to  carbonate  deposits.  The  seismic  data  can  be 

d^ilwCRraCwly  taterpreced  usin8  lithologies 
drilied  by  the  COST  B-2  well  (Scholle,  1977-  Smith 

“  £  l?6’  vh,eh  u  m  i- 

Of  the  line  of  section.  About  half  the  4.8  km  of 
sediment  drilled  was  nonmarine  to  shallow-marine 
sands,  shales,  and  limestones  of  Late  Cretaceous 
and  younger  age.  Lower  Cretaceous  rocks  are 

ClaStic  rocks  w-ith  some  lime- 
s tone  and  coal  strata.  The  hole  was  originaUv 
thought  to  have  bottomed  in  Lower  Cretaceous'  ’ 
shallow  water  sediments,  but  more  recent  work  has 
revealed  Kteeridgian  (Late  Jurassic)  dLoQagel 

Crerf  neaC ,\he  bo££oa  of  the  hole  that  brings^he 
etaceous/Jurassic  boundary  up  to  '4.1  ka  (E 

obbins,  personal  communication;  Poag,  1978).*  The 
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Upper  Jurassic  section  drilled  is  mainly  alter¬ 
nating  sandstone,  shale,  limestone,  and  coal.  The 

deposit*!  faClew  Cha"8e  froa  terrigenous  clastic 
deposits  nearshore  to  carbonate  deposits  offshore 

is  baldTr-  etaC?°US  3nd  Upper  Ju«ssic  sections 

3  to TL/c  lnpTa  Vel°CitiOS  £ha£  intense  from 

4  8  te/fb  efraCtl0n  velocity  data  also  show 
4.8  kn/s  horizons  within  the  Albian  and  Aptian 

dan  Sd"^b  thC  L°Wer  Cre£aceous  shelf  edge  (Sheri- 

5  an^?2  S"5;  ^  PrCSS)*  Betveen  £he  depths  of 

Stploratorv  drilling  is  now  underway  in  the 

S252  Syth  Th0USh  UherC  hydr0carbon  resource 
DCS  areas  (KGS  iSyf  ”  “*  of  £he  Atlantic 
1978a,  1976b).  ’ihe  Ingest  serial  StS"? 

SL^this?:  sre 

ceous.  This  feature  could  provide  ££  S^rge 


BALTIMORE  CANYON  TROUGH 


Fig,  15,  Interpretative  stratigraphic  cross  section  based  on  CDP  seismic  Line  2  across  the  axis  of 
the  Baltimore  Canyon  Trough.  The  thick  section  of  Jurassic  is  pierced  by  a  mafic  intrusion  (the 
Great  Stone  Dome)  which  upwarps  the  overlying  Upper  and  Lower  Cretaceous  (Schlee,  1978a). 


reserves,  most  likely  gas  (Scholle,  1977).  leasing 
has  also  taken  place  on  possible  diapiric  features 
that  may  be  productive.  Some  updip  pinchouts 
against  continental  basement  along  with  drape 
structures  over  the  horst  blocks  cannot  be  ruled 
out.  Some  initial  results  from  the  exploratory 
drilling  have  indicated  possible  significant  gas 
accunulation  associated  with  the  diapirs  over  the 
magnetic  basement  ridge  near  the  shelf  edge  (Oil 
&  Gas  Journal,  8/78). 

From  analyses  of  interval  velocities,  seismic 
amplitude,  and  continuity  of  reflectors  within 
acoustic  units,  both  tlie  Georges  Bank  basin  and 
the  Baltimore  Canyon  Trough  appear:  (1)  to  be 
built  across  a  zone  of  deeply  buried  fault  blocks; 
(2)  to  show  a  progression  from  thick  nonmarine 
strata  and  evaporite  deposits  to  marine  platform 
and  reef  carbonate  beds  (Jurassic  and  Early  Cret¬ 
aceous  in  age)  in  the  lower  half  of  the  basins , 
and  from  n. n  larine  deposits  to  broadly  prograding 
marine  sandstone  and  shale  (mainly  Cretaceous  in 
age)  in  the  upper  half;  (3)  to  have  undergone 
extensive  erosion  of  the  slope  during  the  Tertiary 
and  Quaternary  with  intermittent  erosion,  nondepo¬ 
sition,  and  deltaic  deposition  on  the  shelf;  and 
(4)  to  have  formed  a  thick  continental  rise  prism 
when  most  of  the  Tertiary  sediments  bypassed  the 
shelf. 

Carolina  Platform  and  Carolina  Trough 

The  margin  east  of  the  Carolinas  and  south  of 
Cape  Hatteras  comprises  a  shallow  platform  under 
the  Inner  Shelf  and  a  narrow,  deep  trough  (Caro¬ 
lina  trough)  near  the  Shelf  break  (Klitgord  and 
Behrendt,  1979;  Dillon  and  others,  1979).  Sedi¬ 
ments  on  the  Carolina  platform  are  probably  less 
than  “4  km  thick."  However,  the  Carolina  trough, 
a  narrow  feature  that  is  inferred  mainly  from 
magnetic  and  seismic  data,  extends  from  Cape  Hat¬ 
teras  to  Charleston,  S.C.,  and  contains  more  than 


10  km  of  sediment  (Dillon  a  .u  others,  1979).  A 
diagrammatic  cross  section  along  the  USGS/IPOD 
line  (fig.  16)  across  the  northern  end  of  the  4 
Carolina  trough  reveals  several  complications  not 
evident  in  cross  sections  described  previously. 

The  crustal-transition  zone  is  narrow  as  on  the 
Long  Island  platform  (Fig.  6),  but  the  acoustic¬ 
ally  diffuse  zone  not  only  coincides  with  the  ECMA 
but  extends  landward  of  it.  Apparently  a  carbonate 
buildup  was  initiated  landward  of  the  transition 
of  oceanic  to  continental  crust.  In  addition  to 
the  3  diapirs  observed  on  the  IPOD  line  in  the 
region  of  *-he  ECMA.  others  were  observed  along  the 
Continer,.al  Slope  off  Cape  Hatteras  which  extend 
50  km  north  and  200  km  south  of  the  IPOD  line  along 
the  axis  of  the  ECMA  (Grow  and  others,  1977).  None 
have  had  a  detectable  magnetic  or  gravity  signature 
and  thus  are  inferred  to  be  salt  or  possibly  shale. 
The  diapirs  off  Cape  Hatteras  and  one  diapir  in  the 
Baltimore  Canyon  Trough  all  lie  within  20  km  of  the 
axis  of  the  F.CMA.  / 

Section  BT-1  (Fig.  17)  across  the  Carolina  plat¬ 
form  and  trough  reveals  a  smooth,  strong  reflector 
at  the  landward  end  which  correlates  with  a  high 
velocity  refractor  ('6  km/s)  that  was  previously 
thought  to  be  basement  (Woollard,  1959;  Hersey 
and  others,  1959;  Antoine  and  Henry,  1965;  Sheridan 
and  others,  1966;  Dowling,  1968).  However,  corre¬ 
lating  reflection  and  refraction  data  with  recent 
drilling  data  from  the  Charleston  area  indicates 
that  the  strong  reflector  probably  originates  from 
a  series  of  Jurassic  basalt  flows  (Ackerman,  1978; 
Gohn  and  others,  1978).  On  the  basis  of  seismic 
data  along  Line  ST-1,  we  infer  that  Cenozoic  and 
Cretaceous  rocks  are  thin,  whereas  Jurassic  rocks 
may  be  as  much  as  8  km  thick.  In  contrast,  sea¬ 
ward  of  the  Slope,  Line  BT-1  lies  along  the  axis 
of  the  Blake  Ridge  (Markl  and  others,  1970)  where 
Cenozoic  sediments  are  as  much  as  5  km  thick. 
Several  large  faults  are  shown  close  to  the  Shelf 
edge;  one  of  these  is  a  growth  fault  that  was 
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Fig.  16.  Interpretative  cross  section  alorg  USGS/IPOD  CDP  seismic  line  across  the 
margin  southeast  of  Cape  Hatteras  (Grow  and  others,  1979).  The  transition  zone 
between  continental  and  oceanic  crust  is  narrow  and  is  similar,  in  this  respect, 
to  Line  5  off  Cape  Cod  except  for  the  presence  of  diapirs  (see  Grow  and  Markl,  1977, 
for  additional  discussion). 


active  during  Cretaceous  and  T'  rtiary  time.  The 
area  off  Georgia  and  South  Carolina  is  a  zone  of 
transition  with  regard  to  styles  of  continental 
margin  subsidence.  This  change  can  best  be  seen 
in  the  character  of  the  structure  mapped  on  the 
post-rift  unconformity  (Fig.  18)  off  Cape  Fear, 
N.C.,  where  the  Carolina  platform  is  built  on 
continental  basement;  the  unconformity  dips  gently 
seaward  to  4  km  below  the  Continental  Slope  and 


then  dips  more  steeply  to  about  11  km  beneath  the 
Continental  Rise.  Off  Charleston,  S.C.,  an  abrupt 
southward  inflection  of  the  unconformity  is 
aligned  with  the  Blake  Spur  fracture  zone  that  was 
probably  the  site  of  a  transform  fault,  active 
during  early  rifting  of  the  continental  margin. 
South  of  this  inflection,  the  unconformity  sub¬ 
sides  to  >12-km  deep  in  a  broad  area  that  includes 
the  eastern  two-thirds  of  the  Blake  Plateau  (Fig. 
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Fig.  18.  Depth  to  a  post-rifting  unconformity 
identified  in  multichannel  seismic  profiles. 

The  unconformity  lies  below  a  strong  reflector 
believed  to  represent  basaltic  flows  sampled  on 
shore  and  dated  at  160  to  200  m.y.  (Dillon  and 
others,  1979) . 

19).  This  probably  overlies  transitional  basement. 
The  eastern  margin  of  the  Blake  Plateau,  which 
formed  a  shelf  edge  during  most  of  the  region's 
development,  may  have  been  built  up  by  continuous 
reef  growth  (Fig.  19).  North  of  the  Blake  Spur 
fracture  zone,  however,  where  the  area  of  transi¬ 
tional  crust  is  much  narrower  and  input  of  terri- 


Upper  Jurassic  and  Cretaceous  sediments  formed  the 
Continental  Shelf. 

Southeast  Georgia  Embayment  -  Blake  Plateau  Basin 

The  area  just  south  of  the  Carolina  platform  and 
trough,  marked  by  the  Blake  Spur  fracture  zone, 
consists  of  3  elements:  the  Southeast  Georgia 
Embayment,  the  Florida  platform,  and  the  Blake 
Plateau  basin.  The  Embayment  extends  westward  of 
the  coastline  south  of  Charleston  (Fig.  18)  and 
is  separated  from  the  Blake  Plateau  basin  by  a 
basement  high  in  the  vicinity  of  the  COST  GE-1 
well  (Fig.  1).  This  area  is  thought  to  be  a  Tri- 
assic  basin  on  the  basis  of  magnetic  inferences 
similar  to  those  used  on  the  Long  Island  platform 
(Klitgord  and  Behrendt,  1979)  and  the  thick 
sequence  of  sediments  below  the  basalt  horizon 
which  are  thought  to  be  Jurassic  in  age  (Dillon 
and  others,  1979). 

The  Blake  Plateau  basin  contains  more  than  10  km 
of  sediments  and  is  probably  underlain  by  transi¬ 
tional  crust.  The  character  of  the  magnetic 
anomalies  suggests  a  magnetic  source  which  is  not 
typical  oceanic  crust  or  large  blocks  of  faulted 
continental  crust.  The  stratigraphic  location  of 
the  seismic  horizons,  inferred  to  be  Jurassic 
flows  (Fig.  18),  suggests  that  a  very  thick 
sequence  of  Jurassic  sediments  (as  much  as  6-8  km) 
are  present.  The  Cretaceous  sequence  is  fairly 
thin  and  its  uppermost  part  has  been  sampled  by 


genous  sediments  is  greater,  the  shelf  edge  was 
formed  by  a  balance  of  deposition  and  erosion  and, 
at  the  same  time,  some  patch  reefs  and  carbonate 
banks  developed. 

The  diagrammatic  cross  section  along  BT-1  (Fig. 
17)  across  the  Carolina  trough  indicates  that 
Triassic  rifting  produced  a  rough  topography  that 
resulted  in  a  flood  of  continental  deposits  during 
the  earliest  stages  of  margin  development  off  the 
southeastern  United  States.  These  strata  were 
tilted  seaward  and  beveled  as  the  newly-forming 
margin  subsided.  Basaltic  flows  covered  the  land¬ 
ward  part  of  these  deposits  about  175  m.y.  ago; 
as  subsidence  proceeded,  a  transgressive  wedge  of 


the  DSDP  and  ASP  holes. 

Beginning  in  Tertiary  time,  the  Blake  Plateau 
was  affected  by  erosion  or  reduced  deposition  as 
Gulf  Stream  flow  shifted  west.  Continental  margin 
subsidence,  combined  with  this  reduced  sedimenta¬ 
tion,  resulted  in  the  present  physiography  of  the 
Blake  Plateau — a  submerged  platform  600-1100  m 
deep.  Landward,  the  present  Continental  Shelf 
edge  was  formed  by  sediment  progradation  against 
the  flank  of  the  fast-flowing  Gulf  Stream  during 
Cenozoic  time.  The  diagrammatic  cross  section 
along  FC-3  (Fig.  19)  across  the  Blake  Plateau 
basin  shows  an  evolutionary  pattern  similar  to 
that  to  the  north  (Fig.  17)  but  one  in  which  the 
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Fig.  19.  Diagrammatic  cross  section  based  on  CDP  seismic  Line  FC-3  (Dillon  and  ethers,  1979). 
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zone  of  transitional  basement  was  much  wider  and  Following  rifting  and  separation  of  North  Amer- 

in  which  reef  growth  provided  a  dam  for  sediments  ica  and  Africa  during  the  Late  Triassic  and  Early 
until  approximately  the  middle  of  Cretaceous  time.  Jurassic,  cooling  of  the  lithosphere  and  high 
Profile  FC-3  is  located  south  of  the  area  of  deposition  rates  resulted  in  rapid  subsidence  of 

inferred  Jurassic  volcanic  flows.  the  major  basins  along  the  U.  S.  Atlantic  shelf. 

Oldest  sediments  were  probably  terrigenous 

Discussion  lagoonal,  fluvial,  and  deltaic  nearshore  but  gave 

way  offshore  to  local  evaporites  and  widespread 

The  accumu  .ation  of  multichannel  and  single  carbonate  deposits.  There,  a  series  of  carbonate 

channel  seismic  reflection  data,  magnetic  anomaly  banks  built  up  along  much  of  the  continental 

data,  gravity  anomaly  data,  refraction  data,  and  margin  over  the  oceanic  basement  high  that  devel- 

drill  hole  information  has  enabled  us  to  construct  oped  during  early  stages  of  rifting.  The  banks 

structural  and  stratigraphic  maps  and  cross  sections  ultimately  were  over--helmed  by  Cretaceous  fluvial, 

for  the  U.  S.  At3 antic  continental  margin  and  to  deltaic,  and  shelf  sediments.  However,  these 

understand  better  the  history  of  its  development.  Tertiary  and  Cretaceous  sediments  are  thinner 

The  integration  of  magnetic,  gravity,  refraction,  (<4  km  in  the  Baltimore  Canyon  Trough)  than  the 

and  drill  hole  data  with  seismic  reflection  data  Jurassic  rocks  (8-10  km  in  the  Baltimore  Canyon 

has  been  an  important  part  of  our  studies  of  the  -  Trough)  which  filled  the  basin  during  the  initial, 
margin,  making  possible  interpolation  between  the  more  rapid  phase  of  subsidence.  As  these  Creta- 
40-km  grid  of  multichannel  seismic  profiles.  ceous  sediments  prograded  seaward  over  the  former 

The  general  structure  of  the  margin  from  Florida  carbonate  shelf  edge,  extensive  sedimentation  was 

to  Maine  is  dominated  by  the  basins  and  platforms  initiated  over  the  slope  and  rise.  During  the 
(Fig.  4).  The  platforms  have  a  fairly  thin  sedi-  Cenozoic,  a  prominent  continental  rise  wedge  was 

ment  cover  and  are  sites  of  numerous  horsts  and  deposited  along  much  of  the  continental  margin  at 

grabens  which  may  have  been  formed  during  Triassic  the  same  time  that  the  slope  was  being  cut  b.' ck  in 

time.  They  are  the  most  seaward  protrusions  of  several  phases  of  erosional  retreat. 

pre-Jurassic  continental  crust  which  probably  was  This  initial  interpretation  of  the  vast  amount 

not  greatly  affected  by  subsequent  block-faulting  of  geophysical  data  from  the  Atlantic  continental 
and  subsidence  during  Late  Triassic  and  Early  Jur-  margin  provides  a  suitable  basis  for  developing  a 

assic.  Most  often  the  seaward  edge  of  these  plat-  structural  and  sedimentary  history  of  the  United 

forms  form  the  landward  edge  of  the  major  sedimen-  States  Atlantic  margin  and  for  comparison  with 

tary  basins  while  the  southwesterly  or  northeast-  other  margins.  The  Outer  Continental  Shelf  is  the 

erly  edges  probably  mark  the  sites  of  transform  current  frontier  for  hydrocarbon  exploration,  and  4 

faults  during  the  initial  breakup  of  Africa  and  a  better  understanding  of  its  development  history 

North  America.  However,  such  platform  areas  as  may  improve  our  chances  of  exploiting  V.e  resources 

Cape  Hatteras  and  Long  Island  extend  across  the  of  the  OCS.  The  discovery  of  gas  associated  with 

continental  margin  separating  the  major  basins.  diapirs  over  the  magnetic  basement  high  (along  the 

The  relationship  between  these  initial  transform  ECMA)  has  implication  on  the  potential  for  similar 

faults  and  the  deep  sea  fracture  zones  (Fig.  4)  structures  off  the  Carolina  margin  and  south  of 

suggests  that  the  original  pattern  of  rifting  and  Cape  Hatteras.  Further  work  is  clearly  needed, 

transform  faults  was  propagated  into  the  sea  floor  including  the  development  of  techniques  for 

spreading  stage  of  continental  separation.  Small  looking  at  the  region  of  the  outer  basement  high, 

offsets  also  exist  in  the  landward  edges  of  the  A  better  understanding  of  the  geologic  and  tectonic 

deep  basins  (e.g.,  the  Baltimore  Canyon  Trough,  structure  of  the  platforms  and  their  relationship 

see  Figs.  4  and  13)  which  also  persisted  into  the  to  the  offshore  Triassic  and  Jurassic  basins  is  a 

sea  floor  spreading  phase.  The  development  of  the  necessary  step  in  the  development  of  the  rifting 
deep  sedimentary  basins  seems  to  have  been  parti-  history  of  a  continental  margin, 
ally  controlled  by  this  pattern  of  offsets, 
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STRATIGRAPHIC  EVOLUTION  OF  THE  BLAKE  PLATEAU  AFTER  A  DECADE  OF  SCIENTIFIC  DRILLING 
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Abstract.  The  first  ocean  drilling  for  purely  scientific  purposes  under 
JOIDES  direction  was  carried  out  on  the  Blake  Plateau  in  1965.  Six 
shallow-penetration  holes  (<  330  m)  were  drilled  on  the  Florida  con¬ 
tinental  shelf,  continental  slope  and  Blake  Plateau.  Bathyal  Paleoccnc 
sediments  were  the  oldest  sediments  recovered  revealing  that  the  Blake 
Plateau  has  been  a  relatively  deep-water  environment  since  at  least  that 
time.  The  continuity  of  reflectors  bounding  the  Paleocene  beneath  the 
shelf  and  inner  plateau  rules  out  the  possibility  that  the  Florida  slope 
originated  through  post-Paleocene  faulting. 

In  1975  Deep  Sea  Drilling  Project  Sites  390  and  392  were  drilled  on 
the  Blake  Nose,  a  topographic  spur  of  the  Black  Escarpment.  Campanian 
through  Eocene  nannofossil  oozes  were  recovered  above  a  pre-Campanian 
unconformity  cut  by  submarine  currents  into  Aptian-Albian  nannofossil 
oozes.  This  evidence  proves  that  strong  bottom  circulation  occurred 
along  the  Blake  Escarpment  as  early  as  Campanian.  Moreover,  the  very 
fossiliferous  Aptian-Albian  nannofossil  ooze  indicates  that  the  Blake 
Plateau  was  well  oxygenated  at  the  tune  when  black  shale  was  being 
deposited  in  the  adjacent  western  North  Atlantic  basin.  Very  marked 
water  stratification  must  have  persisted  during  this  time. 

Below  the  Barrcmian  nannofossil  oozes  at  Sites  390  and  392,  indu¬ 
rated  Early  Cretaceous  shallow-water  limestone  was  penetrated  to  349 
m.  These  rocks  reveal  an  upward-shoaling  sequence  of  open-shelf  lime 
muds,  oolites,  and  peritidal  sediments  followed  by  emergence  and  fresh¬ 
water  diagenesis.  Subsequently,  continued  subsidence  of  the  Blake 
Plateau  terminated  the  shallow  carbonate  bank  deposition  and  intro¬ 
duced  submarine  weathering  at  the  edge  of  the  Blake  Plateau.  A  con¬ 
densed  sequence  of  nannofossil-ooze  deposition  began  in  the  Barremian. 

Chert  interlayered  with  the  Middle  Paleocene  to  Middle  Eocene  nanno¬ 
fossil  oozes  at  Site  390  correlates  well  with  chert  recovered  at  the  same 
stratigraphic  position  in  the  globigerina  oozes  of  JOIDES  holes  J3,  J4, 
and  J6  on  the  plateau  proper.  Widespread  siliceous  deposits  were  being 
formed  across  the  Blake  Plateau  at  about  the  same  time  as  cherts  were 
being  deposited  throughout  the  western  North  Atlantic  basin. 

The  U5.G.S.  Atlantic  Margin  Coring  Project  in  1976  completed 
two  holes  on  the  Florida  shelf  and  slope.  The  Late  Cretaceous  through 
Oligocene  calcareous  silt  and  clay  of  the  continental  slope  contrasts 
markedly  with  the  indurated  limestone  and  dolomite  of  the  same  age 
under  the  shelf.  Seismic  profiles  show  that  the  slope  existed  during 
parts  of  the  Late  Cretaceous,  A  major  unconformity  was  discovered 
which  truncates  Oligocene  to  Paleocene  sediments  and  is  overlain 
transgressively  by  Pliocene  and  Miocene  sediments.  Gulf  Stream  erosion 
in  the  Late  Tertiary  strongly  dissected  the  Florida  slope  and  western  edge 
of  the  Blake  Plateau  and  controlled  the  construction  of  this  topography. 

The  stratigraphy  of  the  Blake  Plateau  appears  to  derive  mainly  from 
the  regional  subsidence  of  the  Atlantic  margin  which  occurred  at  rates 
similar  to  those  of  the  New  Jersey  shelf,  for  example.  The  interplay  of 
the  intrusion  of  submarine  currents  on  eustatic  sea-level  changes  with 


the  persistence  of  carbonate  bank-margin  facies  and  tin*  lack  of  detrital 
clastic  sediments  from  hinterland  sources  gave  use  to  the  sedimentary 
sequence  of  the  Blake  Plateau. 

Introduction 

In  1965  the  urst  ocean  drilling  for  purely  scientific  purposes  was 
attempted  on  the  Blake  Plateau.  The  drill  ship  D/V  CALDRILLwas 
transiting  the  area  enroute  to  Grand  Banks  for  commercial  drilling,  so 
part  of  the  cost  of  the  program  was  supported  by  Pan  American  Petro¬ 
leum  Corporation  (AMOCO).  Seeing  an  opportunity  to  begin  drilling 
in  the  oceans,  several  marine  geologists  thought  of  submitting  a  modest 
proposal  to  NSF  (for  some  S250.000)  to  have  CALDRILL  complete 
some  holes  on  the  Blake  Plateau.  The  preliminary  seismic  refraction 
and  reflection  data,  piston  coring  and  dredging  on  the  plateau  formed  a 
basis  for  identifying  geological  problems  which  could  be  addressed  by 
drilling,  and  the  intermediate  depths  of  the  plateau  offered  a  deep  water 
challenge  that  was  still  within  the  capabilities  of  the  dynamically  posi¬ 
tioned  D/V  CALDRILL. 

Yet  this  first  scientific  drilling  program  presented  other  challenges 
because  it  was  an  ambitious  task  and  involved  a  great  deal  of  money 
for  a  single  proposal.  Also,  it  was  clear  that  success  would  lead  to  further 
drilling  programs  which  would  be  competitively  pursued  by  the  in¬ 
dividual  oceanographic  institutions.  The  marine  geologists  involved, 
such  as  Dr.  Charles  Drake,  then  of  Lamont-Dohcrty  Geological  Observa¬ 
tory.  fortunately  possessed  the  political  sensitivity  to  develop  a  con¬ 
sortium  of  institutions  to  approach  NSF  for  such  an  undertaking.  Thus, 
JOIDES  (Joint  Oceanographic  Institutions  Deep  Earth  Sampling)  was 
founded  by  four  oceanographic  institutions,  including  Lamont-Doherty 
as  the  operator  for  the  Blake  Plateau  Program,  Woods  Hole  Oceanograph¬ 
ic  Institution,  Scripps  Institute  of  Oceanography,  and  the  University  of 
Miami  (JOIDES,  1965).  Now  the  multimillion  dollar  offspring  of  the 
first  drilling  program,  DSDP  (Deep  Sea  Drilling  Project)  and  IPOD  (in¬ 
ternational  Phase  of  Ocean  Drilling),  are  guided  by  a  much-enlarged 
JOIDES  involving  fourteen  institutions  from  six  countries. 

The  CALDRILL  program  of  1965  completed  six  shallow-penetration 
holes  (<  330  m),  J1  through  J6,  three  being  on  the  Florida  shelf  and 
slope  and  three  on  the  Blake  Plateau  (Fig.  1)  (JOIDES,  1965).  Sub¬ 
sequently,  as  part  of  Leg  44  of  the  Deep  Sea  Drilling  Project,  D/V  -- 
GLOMAR  CHALLENGER  completed  two  sites  in  1975  on  th  •  Blake 
Nose,  a  topographic  spur  of  the  steep  Blake  Escarpment.  These  were 
Sites  390  and  392  (B'nson  et  al.,  1976).  Finally,  as  part  of  the  U.S.G.S. 
Atlantic  Margin  Coring  Project  s-f  ’°76.  D/V  GLOMAR  CONCEPTION 
completed  two  holes  (6002  and  6004)  on  the  Hcrid*  shelf  and  slope 
which  contribute  to  the  stratigraphic  knowledge  of  the  Blake  TL.'.'"" 
(Hathaway  et  ai.,  1976).  This  paper  whi  discuss  these  available  drilling 
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Fig.  1 .  Location  map  of  the  scientific  drilling  on  the  Blake  Plateau.  Sites 
from  cruises  of  D/V  CALDRJLL  (Schlee,  1977).  D/V  uLOMAR  CHAL¬ 
LENGER  (Benson  et  a!.,  1976),  and  D/V  GLOMAR  CONCEPTION 
(Hathaway  et  al.,  1976)  are  shown.  Also  shown  are  the  major  physio¬ 
graphic  features.  Depths  are  in  meters. 


data,  especially  Sites  390  and  392,  which  the  authors  were  involved 
in  drilling. 

Drilling  Results 

Site  390  was  selected  because  the  Blal'e  Nose  offered  a  place  to 
spud-in  with  soft  ooze  overlying  deeper  reflectors  brought  within  reach 
of  the  drill  by  erosional  unconformities  (Fig.  2).  The  deeper  reflectors 
appeared  seismicallv  to  be  harder  rock  (Sheridan  et  al.,  1978;  Ewing 
et  al.,  1966),  which  was  verified  by  dredging  and  piston  coring  of  the 
surficial  deposits  of  the  escarpment  (Heezen  and  d'.rridm  1966).  The 
drilling  proved  that  Eocene  throgh  Campanian  nannofossil  ooze  over- 
lies  Barremian  and  older  limestones  of  a  neritis  facies  to  a  total  depth 
of  206  m  subbottom. 

Site  392  was  selected  to  calibrate  the  opaque  reflection  zone  below 
rough  hyperbolic  relectors  commonly  seen  a*  the  edge  of  the  Blake 
Escarpment.  This  had  been  interpreted  as  a  “reefal  ridge”  by  Ewing  et 
al.  (1966).  Again  a  thin  cover  of  ooze  permitted  spudding-in,  and  hard 
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limestone  of  bank-margin  facies  was  penetrated  to  349  m  subbottom 
(Bmson  et  al.,  1976)  (Fig.  3). 

Sites  390  and  392  have  recovered  the  oldest  in-place  strata  under  the 
Blake  Plateau,  the  Barremian  or  older  Early  Cretaceous  limestone.  This 
datum  forms  the  present  base  of  our  direct  knowledge  of  the  strati¬ 
graphy,  although  geophysical  inferences  and  correlations  indicate  that 
older  Jurassic  and  possibly  Triassic  sediments  should  exist  at  greater 
depth. 

During  the  Early  Cretaceous  the  Blake  Escarpment  included  environ¬ 
ments  typical  of  the  present  margins  of  the  Bahama  Banks  (Fig.  4)  (Enos 
and  Freeman,  1978).  In  hole  392A  cavernous  skelmoldic  limestone  is 
a  shallow,  somewhat  restricted,  marine  limestone  with  a  history  of  sub¬ 
aerial  exposure,  fresh  water  ieaching,  and  kata!  development.  These 
exposures  were  probably  due  to  recurring  eustatic  sea-level  fluctuations 
superimposed  on  a  continually  subsiding  margin.  In  drilling  over  100  m 
of  this  unit  the  drill  bit  experienced  two  sudden  drops,  one  of  4  m  and 
the  other  a  series  of  small  drops  totalling  10  m.  These  drops  presumably 
reflect  caverns  to  be  found  in  the  lower  half  of  the  unit.  Figure  5  shows 
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Fig.  2.  Line  drawing  with  geologic  age  correlation  of  seismic  reflection  profile  MC  2  of  R/V  CONRAD  through  Site  390  (Benson  et  al,  1975;  Sheridan  et 
al.,  in  press).  Note  carbonate  bank  margin  facies  identified  as  hyperbolic  reflectors  atop  an  opaque,  reflectionless  zone. 


about  the  largest  cavern  we  could  hope  to  sample  with  a  core.  Calcite 
schalenohedra  projecting  into  the  mini-caverns  are  probably  phreatic- 
zone  cement,  not  unlike  that  found  in  “crystal  caverns”.  Development 
of  this  large-scale  pore  network  early  in  the  history  could  potentially 
form  an  excellent  petroleum  reservoir.  However,  because  of  its  proximity 
to  the  steep  Blake  Escarpment  (about  1  km  from  the  edge)  and  the  lack 
of  effective  seals  any  petroleum  was  flushed  through  and  out  to  sea,  as 
noted  by  Meyerhoff  and  Hatten  (1974)  in  their  evaluation  of  some 
Bahamian  weHs. 

Carbonate  accumulation  at  a  rate  greater  than  combined  subsidence 
and  sea-level  rise  led  to  oolite  formation  at  Site  392  in  a  shallow-water, 
high-energy  environment  (Fig.  6a).  Dripstone  texture  in  the  oolite  indi¬ 
cates  vertical  accretion  to  form  islands  with  development  of  a  water  table 
(Fig.  6b).  The  formation  of  air-water  meniscuses  in  the  aerated  vadose 
zone  led  to  differential  nourishment  of  crystals  and  molding  of  internal 
sediment  to  form  the  unusual  curved  surfaces  and  “bridges”  of  micrite 
in  the  first  stage  of  cementation.  Later  cementation  produced  second- 
geneta-  -  many  cement,  piobabiy  in  the  phreatic  zone,  which  sealed 
virtually  all  the  (Figure.  6b).  Abundant  algal  fragments  intermixed 


with  the  ooids  (Fig.  7)  attest  to  the  presence  of  organically  productive 
areas,  possibly  algal  reefs. 

The  topmost  limestone  has  “birds-eye”  or  fenestral  fabric  characteris¬ 
tic  of  many  tidal-flat  carbonate  deposits  (Fig.  8).  Carbonate  muds 
accumulated  behind  the  oolite  shoals  and  islands  along  the  edge  of  the 
Blake  Escarpment.  Frequent  intertidal  exposure  causes  mud  cracks 
(Fig.  9)  and  promoted  expulsion  of  gas  bubbles  to  create  a  vein-like 
appearance  (Fig.  10).  Burial  and  freshwater  diagenesis  cemented  the 
bank-margin  limestones  Into  a  dense  rigid  mass  with  seismic  velocities 
as  high  a*  53  km/sec.  Subsequent  erosion  accentuated  the  bank-maigln 
relief. 

Continued  subsidence  with  marine  current  bypassing  allowed  the 
formation  of  goethitic  crusts  and  pisolites  on  the  exposed  limestone: 
surfaces  (Fig.  11).  The  crusts  incorporate  nannoplankton  (Fig.  1 2)  and: 
planktonic  foraminifers  (Fig.  13),  indicating  submarine  origins.  Bars-  ., 
remian  (?),  Aptian,  and  Albian  nannofossil  ooze  overlie  this  goethitic 
crust.  The  subsidence  and  sea-level  rise  resulted  in  a  rapid  change  g?; 
paleoenvironment  to  deep  bathyal  levels  (Fig.  14),  although  the  deepen-: 
ing  that  occurred  between  Barremian  and  Late  Aptian,  based  on  avail- 
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Ht  LOCAL  TIDAL  FLATS  -  POSSIBLY  BACK-REEF 


Fig.  4.  Sequence  of  depositions!  events  at  Site  392  which  produced 
units  of  identifiable  paleoenvironmems  of  Barremian  and  older  Early 
Cretaceous  age  (Benson  et  al..  1978). 


able  cores  3  and  4  of  hole  392A,  did  not  require  subsidence  rales  npre- 
ciably  different  than  those  for  the  rest  of  the  Atlantic  margin,  4-5  cm/ 
1000  yrs.  Although  abrupt  increase  in  subsidence  rate  is  not  callet  for 
lack  of  deposition  keeping  pace  with  regional  subsidence  is  indica'ed 
at  Site  392. 

Very  fossiliferous  nannofossil  ooze  accumulated  on  the  Blake  More 
during  the  Aptian  and  Albian  at  the  same  time  that  carbonaceous  blaci 
shale  was  being  deposited  in  the  stagnant  deep  western  North  Atlantic 
basin.  Given  regional  subsidence  rates  of  4-5  cm/1000  yrs.  and  the 
paleo^Uhymetry  from  392A  (Fig.  14),  the  Blake  Nose  was  about  1000m 
deep  by  Albian  time.  Thus  somewhere  between  this  intermediate  depth 
of  1000  m  and  the  3200  to  5000  m  dcpilis  of  deposition  of  the  black 
shale  (Tucholke  and  Vogt,  1978)  of  the  Hattcras  Formation  in  the  deep 
basin  (Jama  et  al.,  1978)  there  must  have  existed  a  strong  oceanic  strati¬ 
fication  (pycnocline),  with  oxygenated  waters  above  stagnant  anoxic 
waters.  More  drilling  elsewhere  in  the  Atlantic  is  needed  to  better  define 
the  exact  paleo-depth  of  this  boundary.  Some  theories,  such  as  that  of 


Sehlanger  and  Jenkyre  (1975),  suggest  that  the  oceanic  oxygen  mini¬ 
mum  zone  was  expanded  downward  to  encompass  intermedia!;  and 
abyssal  depths  during  the  Cretaceous  as  an  alternate  to  stagnant,  deep 
anoxic  basins  confined  by  local  physiography.  Sites  390  and  392  put 
upper  limits  on  the  depth  of  the  oxygen  minimum  zone;  it  did  not  ex¬ 
tend  onto  the  continental  shelf. 

Above  the  lower  Albian  ooze,  a  major  unconformity  spans  the  late 
Albian  through  early  Campanian  at  Sites  390  and  392.  This  is  well  locu- 
mented  at  Site  390  where  continuous  coring  crossed  the  boun  iary. 
Seismic  profiles  (Figs.  1  and  2)  show  low-angle  truncation  rather  than 
lap-out  of  the  missing  Upper  Cretaceous  section.  The  nannofossil  owes 
found  above  and  below  the  unconformity  suggest  submarine  c;o:ion 
and  bypassing  by  strong  currents  at  depths  of  1003  to  aOCO  m.  Tracing 
.•he  unconformity  landward  on  the  Blake  Nose,  where  it  appears  uw- 
fcrmable  with  the  addition  of  several  layers  of  Cretaceous  sediments- 
ino'-cates  that  the  currents  could  have  originated  just  prior  to  the 
Campanian,  with  the  Campanian  sediments  onlapping  on  the  erosional 
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Fig,  5.  Cut  section  of  core  of  cavernous  vuggy  limestone  from  Site 
392.A.  subbottoni  depth  326  in  (from  Fnos  and  Freeman.  1978). 

unconformity  after  deposition  resumed.  If  these  layers  of  Cretaceous 
sediments  accumulated  at  reasonable  sedimentation  rates,  this  would 
suggest  that  the  Santonian  through  Cenomanian  sediments  exist  on  the 
nose  beneath  the  Campanian  where  these  beds  are  conformable. 

The  erosive  currents  must  have  been  deep,  bottom-following  con¬ 
tour  currents  rather  than  surface  currents  such  as  the  present  Antilles 
Current  and  Gulf  Stream.  If  these  deep  currents  were  part  of  the  At¬ 
lantic  geostrophic  bottom  water  circulation  then  such  circulation  ap¬ 
parently  occurred  just  prior  to  the  Campanian.  This  may  correspond  to 
changes  in  the  deep  western  North  Atlantic  circulation  in  the  Late 
Cretaceous,  when  the  anoxic  conditions  ended  and  well  oxygenated  red 
and  varicolored  clays  of  the  Plantagenet  Formation  (Cenomanian  to 
Paleocene)  were  deposited  (Jansa  et  al..  1978).  the  pre-Campanian  un¬ 
conformity  can  be  traced  westward  under  the  Blake  Plateau  (Fig.  2) 
where  it  iscorrelated  with  Reflector  4  as  mapped  by  Ewingct  al.  (1 966). 

During  the  Paleocene  through  middie  Eocene,  sediment*  rich  in 
biogenic  silica  were  deposited  on  the  Blake  Nose  with  subsequent 
diagenesis  to  form  chert  (Fig.  15).  The  cherts  occur  in  the  lower  half 
of  a  90  m  intenl  of  nannofossil  ooze  which  is  generally  rich  in  siliceous 
skeletons,  particularly  sponge  spicules  and  radiolarians  (Fig.  15).  In  the 
bottom  19  m  where  the  chert  and  lithifled  ooze  are  most  abundant, 
however,  spiceous  skeletons  are  rare.  This  may  reflect  more  complete 
mobilization  of  the  biogenic  silica  to  form  chert.  No  evidence  of  volatile 
activity  was  noted  in  this  interval.  One  percent  of  zeolite  is  reported  in 
some  samples  from  this  interval  and  from  the  underlying  Lower  Paleo- 
ccne  (Daman)  coze,  but  it  is  ciinoptilolite  which  probably  has  a  biogenic 
rather  than  a  volcanogenic  source  for  silica  (T.  W.  Donelly.  pers.  com.). 

The  Paleocene  and  lower  Eocene  chert  of  the  Blake  Nose  is  corre¬ 
lated  with  Reflector  1  (Fig.  2),  which  was  traced  westward  over  the  wide 
area  of  the  Blake  Piateau  by  Ewing  ei  al.  ( 1 966).  The  chert  at  Site  390 
correlates  well  with  chert  from  JOIDES  Sites  J3,  J4,  and  J6  on  the 
Blake  Plateau.  Thus  the  chert  is  very  widespread  op  the  Blake  Plateau, 
as  it  is  in  the  western  North  Atlantic  basin  where  Paleocene  to  middle 
Eocene  chert  of  the  Bermuda  Rise  Formation  (Jansa  et  al..  1978)  forms 
a  prominent  seismic  Horizon  Ac(Tuchoifc§ and  Moutain,  1978).  Siliflca- 
tian  and  chert  ate  also  widespread  in  the  southeastern  Atlantic  coastal 
plain  rocks  of  about  this  age,  in  units  such  as  the  Tallahatta  Formation 
(mid-Eoctne)  (J.  Reinhardt,  peis.  comm.;  Gohn  cl  al.,  1976),  and  the 
Beaufort  Formation  (Dan'tan;  Gohn  et  al.,  1 976).  No  chert  was  detected 
on  the  continental  shelf  or  Florida-Hatteras  slope  coring  by  the  JOIDES 

114  SHERIDAN 


or  U.S.G.S  (..’’hough  penetration  below  upper  Eocene  was  limited).  A 
piece  of  black  C-.  n  was  recovered  at  Site  6904  (Fig.  1 )  in  the  Miocene 
sediment  just  a. cue  the  unconformity  with  the  Paleocene  day  (Hatha¬ 
way.  et  al..  1976).  This  chert  might  be  reworked  from  the  widespread 
Paleocene-Eocene  chert  layer  which  was  eroded  by  the  Gulf  Stream. 

The  chert  on  the  Blake  Plateau  implies  that  the  diagenetie  condi¬ 
tions  for  silica  mobilization  and  redeposition  from  pore  waters  were 
prevailing  in  these  intermediate  depths  (~  1000  m).  as  well  as  in  the 
deep  western  North  At1  nic  (4500-5000  m)  and  on  the  coastal  plain, 
during  the  Paleocene  to  mid-Eocenc.  Cliert  formation  which  produced 
seismic  Horizon  Ac  was  therefore  not  unique  to  the  deep  basin,  but  was 
much  mote  widespread. 

The  controversy  over  biogenic  vs.  volcanogenic  origin  of  the  silica 
persists  for  ali  these  environments  as  well.  The  chert  is  clearly  of  re¬ 
placement  origin:  foraminifera  and  the  carbonate  matrix,  consisting 
largely  of  nannofossils.  are  replaced  quite  as  readily  as  available  porosity 
is  filled  along  an  irregular  but  sharp  “front"  (Fig.  16).  In  the  chert 
formations  of  the  JOIDES  holes,  there  are  abundant  radiolarians  and 
sponge  spicules  to  act  as  the  source  of  silica  (Fig.  17),  hut  there  are 
abundant  volcanic  ash  deposits  as  well.  The  ash  layers  extend  up  into 
the  Miocene  well  above  the  Eocene  chert  (Schlee.  1977;  Charm  et  a!.. 
1 969);  yet  there  are  no  Miocene  chert  deposits. 

Stratigraphic  Cross-Section 

Enough  seismic  refraction  and  reflection  data  are  available  on  the 
Blake  Plateau  to  correlate  units  between  the  drill  holes  and  to  map 
them  elsewhere  on  the  plateau  away  from  the  calibration  points.  Seismic 
velocity  data  from  Hersey  et  al.  (1959)  and  Sheridan  et  ai.  (1966)  re¬ 
veal  much  about  the  lithofacies  variations.  Single-channel  reflection 
profiles  penetrating  the  upper  2  seconds  of  the  sediments  have  been  used 
to  map  the  Upper  Cretzccous  and  Tertiary  strata  by  Ewing  et  al.  (1966) 
3nd  Entergy  and  Zarudski  (1967).  More  recently,  deeper  penetration  re¬ 
flection  profiles  showing  the  Lower  Cretaceous  reflectors  have  been 
achieved  (Sheridan  et  ai.,  1978),  and  multichannel  reflection  profiles 
of  good  quality  show  inferred  Jurassic  and  Triassic  reflectors  as  deep  as 
5  sec  (Dfliion  et  a].,  1976  and  1977;  Shipley  ct  al..  1978).  These  data 
have  been  used  to  construct  a  stratigraphic  cross-section  across  the 
Hake  Plateau  (Fig.  18). 


Fig.  6i.  Photomicrograph  of  thin  section  of  oolite  from  Site  392A 
(222.3  m  subbottom)  showing  “dripstone"  structures  and  bridges  of 
internal  cement  (from  Enos  and  Freeman,  )978). 


The  :liaracteristic  opaque  or  reflector-free  zone  under  hyperbolic 
reflectors  shown  at  Site  392  to  be  cemented  bank-margin  limestone, 
can  be  seen  beneath  Reflector  4  under  the  plateau  edge  at  2.0  sec 
depth  on  reflection  profile  MC  2  of  R/V  CONRAD  from  Site  390  west¬ 
ward  to  the  Blake  Plateau  (Fig.  2).  Nearby  seismic  refraction  profiles 
indicate  relatively  high  velocities  below  Reflector  4.  approximately  4  to 
4.5  km/sec  (Sheridan  et  al.,  1966).  These  velocities  are  reasonable  for 
well-cemented  shallow-water  limestones  and  suggest  a  facies  change  at 
the  Blake  Escarpment.  Thus  it  is  interpreted  that  a  well-cemented  shallow 
bank  margin  existed  under  the  edge  of  the  Blake  Plateau  at  present 
depths  of  1500  m.  The  continuity  of  reflectors,  especially  Reflector  4, 
west  of  Site  390  (Fig.  2)  indicates  the  bank  margin  persisted  later  than 
the  Barremian,  perhaps  until  deposition  fo  the  Campanian  oozes  above 
Reflector  4,  thus  possibly  through  the  Santonian.  This  margin  is  inter¬ 
preted  as  an  Aptian  through  Santonian  reef  in  Figure  18  although  Inlio- 
facies  details  are  of  course  unknown  and  the  margin  could  be  of  older 
Cretaceous  age. 

The  reason  for  this  shift  in  the  bank  margin  in  Barremian  to  a  posi¬ 
tion  of  a  few  km  west  of  the  Blake  Nose  Sites  390  and  392  is  not  clear. 
Apparently  there  was  a  eustatic  lowering  of  sea-level  curing  the  Valan- 
ginian  (Vail  et  al.,  1977)  with  a  subsequent  eustatic  rise  in  Barremian 
and  this  ended  the  carbonate  bank  development  on  the  West  African 
margin  (Mitchum  et  al.,  197/J.  The  termination  of  the  carbonate  bank 
margin  at  Site  392  may  be  a  response  to  a  similar  eustatic  cycle,  with  a 
still  stand  in  Barremian  (Vail  et  al.,  1977)  during  which  shoaling  and 
exposure  occurred  to  terminate  the  carbonate  buildup,  and  a  subsequent 
resumption  in  the  rise  in  sea  level  to  cause  drowning  of  the  bank  margin 
on  the  Blake  Nose,  then  islands  and  tidal  flats,  and  a  shifting  of  the 
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Fig.  7.  Photomicrograph  of  aigal  fragment  in  oolite  of  Site  392A,  232 
m  subbottom.  Algae  is  of  genus  Acroporella,  a  dasycladacian  green  algae. 
Specimen  is  2.5  rrm  across  (from  Enos  and  Freeman,  1978). 


Fig.  6b.  Interpretation  of  “dripstone”  structure  as  indicating  periodic 
exposure  to  vadose  water  circulation  (Benson  et  al.,  1978). 


Fig.  8.  Cut  section  of  core  of  fenestra]  limestone  of  Site  392A,  141m 
subbottom.  Note  lenticular  “birds  eye”  structures. 
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Fig.  9.  Core  fragment  of  fenestral  limestone  showing  mud  crack  on 
bedding  plane.  Site  392A.  194  in  S’ibbottom  (from  Enos  and  Freeman. 
1978). 
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edge  of  the  carbonate  buildup  farther  landward. 

The  cross-section  (Fig.  18)  is  interpolated  from  the  ocean  drilling 
holes  offshore  to  the  stratigraphy  from  deep  wells  in  Florida  and  the 
Bahamas  (Appiin  and  Applin.  1965;  Maher.  1965;  Tator  and  Hatfield. 


Fig.  10.  Photomicrograph  of  fenestral  limestone  from  Site  392A,  108.5 
m  subbottom.  “Veinlet”  in  fine-grained  lime  muds  produced  by  gas 
bubble  escape  was  partially  filled  with  coarser  grained  bioclastic  sand. 
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Fig.  11.  Cut  section  of  core  with  crust  of  red  goethitic  pisolites  in  pelagic 
limestone  overlying  an  erosion  surface  on  fenestral  limestone.  Site  392. 
49  m  subbottom  (from  Enos  and  Freeman,  1978). 

1975).  One  such  well  is  the  Humble  oil  and  Refining  Co.  deep  test  to 
Paleozoic  basement  in  northern  Florida  shown  on  Figure  18  (Maher. 
1965).  From  such  drilling  data  the  earlier  evolution  of  the  Blake  Plateau 
can  be  interpreted. 

Based  on  exposed  geology  of  the  Atlantic  margin  to  the  north,  it 
is  a  reasonable  interpretation  that  Paleozoic  and  Prccambrian  rocks  of 
the  Florida-African  basement  were  rifted  in  the  Triassic  into  fault- 
bound  grabens  to  form  deep  sedimentary  basins  (Dillon  et  a!.,  1977; 
Shipley  et  al.,  1978).  Clastics,  redbeds,  and  volcaniclastics  of  Triassic 
age  are  known  from  the  subsunace  in  Georgia  and  northern  Florida 
(Murray,  1961)  and  are  reported  from  a  deep  test  well  on  Great  Isaac 
Island  in  the  northern  Bahamas  (Tator  and  Hatfield,  1975).  These 
clastics  probably  extend  north  and  east  under  the  inner  part  of  the 
Blake  Plateau. 

As  riftt  ig  proceeded  and  breakup  occurred  to  initiate  seafloor 
spreading  of  the  early  Atlantic  Ocean  in  the  Early  Jurassic,  the  pre¬ 
breakup  unconfonmty  on  Triassic  elastics  and  volcanics  subsided  and 


Fig.  12.  Photomicrograph  (crossed-polarized  light)  of  concretionary 
growth  lamina  of  geothitic  pisolite  which  includes  nannofossils.  Site 
392,  90  m  subbottom,  cross-polarized  light  (from  Enos  and  Freeman, 
1978). 
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Fig.  13.  Photomicrograph  pisolitic  goethite  crust  containing  planktonic 
foranunifera  from  Site  392, 49  m  subbottom  (from  Enos  and  Freeman, 
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Stratigraphy  and  Depositional  Environment  Site  392,  hole  A 

Fig.  14.  Paleobathymetry  based  on  facies  and  microfossils  plotted  for 
core  samples  of  Hole  392 A  (Benson  et  al.,  1978). 


Fig.  15.  Cut  section  of  core  of  chert  in  Eocene  cemented  limestone  of 
Site  390A,  77.7  m  subbottom. 


tilted  seaward.  Soon  Jurassic  Marine  elastics  and  limestones  invaded 
the  Blake  Plateau  basin  and  onlapped  the  Triassic  beds.  The  Great 
Isaac  well  penetrated  these  Jurassic  limestones  and  they  very  likely 
continue  northward  from  the  Bahamas  and  underlie  the  Blake  Plateau. 

Early  Cretaceous  terrigenous  clastic  sands  and  shales  of  northern 
Florida  (Applin  and  Applin,  1965)  give  way  seaward  to  limestone  and 
dolomite  deposited  farther  offshore  under  the  Blake  Plateau  in  a  plat¬ 
form  environment  behind  a  typical  bank  margin  complex  of  oolite 
shoals,  islands,  and  pertidal  mud  flats,  and  possibly  organic  reefs  (Ben¬ 
son  et  al.,  1978).  With  a  decreasing  supply  of  sand  and  shale  to  the 
Florida-Blake  Plateau  area,  the  Cretaceous  sands  and  shales  grade  up¬ 
ward  to  shelf  limestones,  such  as  the  Lawson  Limestone,  in  the  Late 
Cretaceous  (Maher,  1965).  On  the  Florida  platform  shelf  limestone 
deposition  persisted  into  the  Eocene. 

Under  the  main  por'ion  of  the  plateau,  the  seismic  reflection  pat¬ 
terns  and  interval  velocities  discussed  above  (Fig.  2)  indicate  that  the 
carbonate  banks  and  shallow  water  limestone  deposition  may  have  per¬ 
sisted  until  the  time  of  Reflector  4,  correlated  at  Site  390  with  the  pre- 
Campanian  unconformity.  Thus  shallow  water  limestone  is  interpreted 
to  have  existed  into  possibly  the  Santonian,  after  which  a  Campanian 
transgression  occurred  and  the  water  on  the  plateau  deepened  with  con¬ 
tinued  subsidence  in  the  absence  of  shelf  or  bank  sedimentation. 

The  Campanian  and  Maestrichtian  biogenic  oozes  drilled  at  Site 
390  (Benson  et  al.,  1976)  can  be  traced  with  seismic  continuity  up  on 
the  plateau  (Fig.  2)  where  the  seismic  transparency  of  the  interval  be¬ 
tween  Reflectors  1  and  4  (Ewing  etal.,  1966;  Shipley  et  al.,  1978)  and 
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the  low  interval  velocities  of  1. 7-3.0  km/sec  (Mersey  et  al.,  1959;  Sheridan 
et  al.,  1966)  indicate  that  the  pelagic  ooze  facies  persists  well  westward. 
Bathyal  nannofossil,  globigerinid,  and  pieropod  oozes  are  recovered  in 
the  JOIDES  core  holes  J3,  J4.  and  J6,  so  the  bathyal  environment  is 
well  documented  from  the  Paleocene  through  “post-Miocene"  (Schlee. 
1977).  The  thin  Tertiary  oozes  reflect  the  low  biogenic  sedimentation 
rates,  wliile  the  sedimentary  section  was  further  abbreviated  by  current 
erosion  and  bypassing  on  the  plateau  throughout  this  time. 

With  continued  subsidence  coupled  with  alternating  erosion  and 
bypassing  to  slow  pelagic  deposition,  the  Blake  Plateau  lias  deepened 
since  the  Campanian.  As  noted  earlier,  this  apparently  occurred  without 
any  abrupt  increase  in  subsidence  rates.  No  downfaulting  of  the  plateau 
is  necessary  to  explain  the  deposition?!  history.  The  continuity  of  the 
Paleocene  from  Flonda  to  the  Blake  Plateau  precludes  any  post-Paleocene 
faulting  between  the  Florida  Shelf  and  Blake  Plateau  (JOIDES,  1965). 

The  relief  between  the  Florida  Shelf  and  plateau  results  from  con¬ 
tinued  regional  subsidence,  but  while  the  Blake  Plateau  progressively 
deepened,  shallow-water  carbonate  deposition  in  more  landward  (and 
presumably  less  rapidly  subsiding)  areas  kept  pace  with  sea-level.  The 


Fig.  16.  Photomicrograph  from  JOIDES  hole  J6  showing  boundary  of 
clici  ■  (right)  and  limestone.  Foraminifcral  test  at  chert  contact  is  only 
partly  replaced  by  silica.  Subbottom  depth  68.6  m,  upper  Eocene,  cross- 
polarized  light. 
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Fig.  17.  Photomicrograph  of  siliceous  limestone  from  JOIDES  hole  J4 
showing  abundant  radiolaria  (partly  replaced  by  microquartz)  and 
sponge  spicules.  Subbottom  depth  157.6  m,  Paleocene. 


shelf  edge  consequently  built-up  in  place  slightly  west  of  its  present 
position  and  at  times  prograded  seaward  to  near  its  present  location. 
The  major  piogradation  occurred  during  the  Eocene  as  shown  by 
JOIDES  holes  Jl,  J2,  and  J5.  Emery  and  Zarudski  (1967)  and  Uchupi 
and  Emery  (1967)  speculated  on  a  Cretaceous  “reeF’  under  the  inner 
part  of  the  shelf  b  ised  on  relief  observed  in  single  channel  reflection 
profiles,  and  late  Cretaceous  prograding  seismic  reflectors  under  the 
Florida  slope  (Shipley  et  al.,  1978)  suggest  relief  in  this  area  even  then. 
Persistence  cf  deep-water  sedimentation  under  the  present  Florida- 
Hatteras  slope  is  proven  by  the  recovery  of  Maestrichtian  bathyal  chys 
at  Site  6j04  (Fig.  1),  as  reported  by  Poag  (1978).  This  puts  an  eastern 
limit  on  the  extent  of  shelf  progradation  during  Late  Cretaceous.  One 
possible  interpretation  of  the  hiatuses  at  that  site  is  that  Gulf  Stream 
current  erosion  controlled  the  position  of  the  slope  as  early  as  the  end 
of  the  Cretaceous. 

Partially  as  a  result  of  a  Slow  sedimentation  on  the  Blake  Plateau  in 
the  Tertiary,  several  (as  many  as  9) volcanic  ash  layers  were  encountered 
in  the  JOIDES  cores  (Schlee,  1977).  Vulcanism  in  the  lesser  Antilles 
and  Caribbean  is  the  likely  source,  thus  the  ash  beds  are  indicative  of 
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the  direction  of  prevailing  winds  and  currents  rather  than  of  changes  in 
environment  on  the  Blake  Plateau. 

The  stratigraphic  correlations  presented  here  are  different  than  those 
recently  proposed  for  the  Blake  area  by  Shipley  et  al.  (1978).  These 
authors  placed  their  Reflector  4  below  the  high  velocity  (3.6-5. 1  km/sec) 
shallow-water  limestone  of  the  inner  Blake  Plateau  and  tentatively  cor¬ 
related  Reflector  4  with  the  mid-Cenomanian.  On  the  other  hand,  we 
correlated  Reflector  4  with  the  pre-Campanian  unconformity  drilled  at 
Site  390  (Fig.  2),  and  this  reflector  as  mapped  by  Ewing  et  al.  (1966) 
continues  to  above  the  high-velocity,  shallow-water  limestone  of  the 
inner  and  southern  Blake  Plateau.  This  pre-Campanian  identification  of 
Reflector  4  roughly  agrees  with  that  of  Ewing  et  al.  (1966)  who  traced 
this  reflector  within  SO  km  of  the  coastal  wells  of  Florida  where  it  pro¬ 
jects  to  be  equivalent  to  beds  of  Taylor  (early  Campanian)  age  (Fig.  18). 
Shipley  et  al.  (1978)  identify  a  reflector  of  Santonian-Coniacian  age 
above  the  high  velocity  (3.6-5. 1  km/sec)  shallow-water  limestone  on  the 
inner  Blake  Plateau,  but  they  have  correlated  that  reflector  with  Reflec¬ 
tor  3  of  Ewing  et  al.  (1966)  rather  than  Reflector  4.  However,  on  the 
inner  plateau.  Reflector  3  of  Ewing  et  al.  (1966)  is  at  1.6  sec  depth, 
while  Reflector  4  is  at  1.9  sec;  the  1.9  sec  reflector  of  Shipley  et  al. 
(1978)  is  called  their  Reflector  3.  The  near  merging  of  Reflectors  3  and 
4  seaward  on  the  Blake  Plateau  and  time-transgressive  facies  changes 
lead  to  this  confusion  between  the  Ewing  et  al.  (1966)  and  Shipley  et 
al  (1978)  terminology. 

A  deeper  reflector  of  Shipley  et  al.  (1978)  which  nearly  crops  out  on 
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the  Blake  Escarpment  at  2800  m  is  tentatively  correlated  by  them  as 
mid-Aptian.  This  reflector  is  nearly  at  the  same  depth  as  the  deepest  re¬ 
flector  cored  3t  Site  390,  which  correlates  with  Barremian  and  older 
shallow-water  limestone.  If  these  are  indeed  the  same  reflecting  horizons, 
then  these  older  Barremian  and  early  Aptian  sediments  are  shallower 
than  shown  on  the  Blake  Plateau  cross-section  of  Shipley  et  al.  (1978). 

In  the  deep  Blake-Bahama  Basin,  Figure  2  shows  the  prominent  re¬ 
flector  below  Horizon  P  which  Shipley  et  al.  (1/78)  tentatively  corre¬ 
lated  as  the  top  of  Oxfordian.  Sheridan  et  al.  (1978)  now  have  identified 
the  reflector  as  Horizon  C  which  was  drilled  at  Site  391  (Benson  et  al., 
1976).  At  Site  391  Horizon  C  is  correlated  with  the  transitio,  ‘>om 
Upper  Tithonian  white  limestone  to  the  Lower  Tithonian  (Kimnio..  .- 
gian)  red  argillaceous  limestone  (Fig.  2).  This  prominent  reflector  marks 
the  top  of  the  Cat  Gap  Formation  (Jansa  et  al.,  1978). 

Subsidence  of  Blake  Plateau 

With  the  data  from  Sites  390  and  392  it  is  possible  tod  "duce  the 
stratigraphy  of  the  Blake  Plateau  back  to  the  Barremian  (Fig.  18).  Giv  :n 
this  stratigraphy,  the  subsidence  history  and  paleobathymetry  can  be 
plotted,  based  on  the  identification  of  the  Barremian  reflector  and  of 
Reflector  4  as  the  top  of  shallow-water  limestone,  perhaps  as  young  as 
Santoman,  and  Reflectct  I  as  the  basal  Eocene  chert.  Using  the  persent 
depth  of  these  reflectors  under  the  Blake  Plateau,  the  seismically  deter¬ 
mined  sediment  thickness,  and  the  interpreted  depth  of  deposition  of 
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the  strata  of  these  reflectors,  the  position  of  the  Barremian  datum  can 
be  interpolated  through  geologic  time  (Fig.  19).  The  depth  of  this  datum 
at  the  end  of  Santonian  is  fixed  by  the  thickness  of  shallow-water  lime¬ 
stone  above  it.  Post-Campanian  paleobathymetry  can  be  estimated  from 
the  drilled  Paleocene  aid  younger  facies  and  the  thickness  of  these 
younger  sediments.  This  paleobathymetry  and  accumulated  sediment 
thickness  above  the  datum  give  the  depth  to  the  Barremian  in  the  post- 
Campanian. 

As  a  comparison,  the  subsidence  history  and  paleobathymetry  of  a 
Barremian  datum  beneath  the  New  Jersey  shelf  is  plotttd  based  on  the 
data  from  the  COST  B2  well  (Smith  et  ah,  1976).  The  track  of  the  Bar¬ 
remian  datum  is  very  similar  in  both  the  Blake  Plateau  and  the  New 
Jersey  shelf  area,  suggesting  that  both  areas  were  subsiding  as  part  of 
the  same  tilt  of  the  Atlantic  Margin,  at  least  since  Barremian.  The  re¬ 
gional  subsidence  rates  generally  decreased  exponentially  from  4  to  5 
cm/1000  yrs  to  1  to  2  cm/1000  yrs  since  the  Barremian  for  both  areas 
if  the  pre-reflector 4  rocks  are  older  than  the  minimum  age  of  Santonian 
interpreted  above,  the  Blake  Plateau  curve  would  be  steeper  in  earlier 
portions  and  flatten  more  markedly.  No  significant  differences  in  subsi¬ 
dence  rates  are  indicated  for  the  Blake  Plateau  and  New  Jersey  shelf  in 
Fig.  19.  If  subsequent  dating  of  the  pre-reflector  4  interval  introduces 
an  L-shaped  rather  than  a  smooth  curve,  this  would  suggest  down-fault¬ 
ing  of  the  Blake  Plateau,  which  is  not  indicated  by  present  seismic  data. 
Moreover,  some  explanation  of  why  the  Blake  Pla'eau  did  not  continue 
to  subside  at  a  rate  comparable  to  the  rest  of  the  Atlantic  Margin  would 
be  required.  Both  Blake  Plateau  and  the  New  Jersey  shelf  began  to 
deepen  with  the  Cainpanian-Maestrichtian  transg-cssion  which  caused 
bathyai  depths  on  the  New  Jersey  shelf  in  the  Eocene.  The  Gulf  Stream 
prevented  further  deposition  on  the  Blake  Plateau,  while  on  the  New 
Jersey  shelf  clastic  sands  and  gravels  prograded  on  the  shelf  in  the 
Miocene  and  Pliocene,  upbuilding  the  shelf  to  a  shallow  depth.  Miocene 
quartz  sands  also  prograded  the  Florida  shelf  edge  slightly  but  apparently 
never  crossed  the  Gulf  Stream  barrier  to  build  up  the  Blake  plateau 
(Fit.  18). 


Summary  and  Conclusions 

In  summary,  the  stratigraphic  evolution  of  the  Blake  Plateau  appears 
to  derive  mainly  from  the  regional  subsidence  of  the  Atlantic  continental 
margin  of  North  America,  with  superimposed  environmental  factors, 
such  as  the  persistence  of  carbonate  bank  margins  which  supported  a 
carbonate  platform,  the  trapping  of  terrigenous  elastics  in  deltaic  estu¬ 
aries  of  inshore  shelf  areas,  the  intrusion  of  currents  which  eroded  and 
prevented  deposition,  and  the  eustatic  changes  in  sea  level  which  may 
have  terminated  carbonate  bank  accretion  upon  regressions,  and  shifted 
the  locus  of  younger  bank  accretion  landward  upon  transgressions.  No 
major  faulting  has  been  identified  by  the  seismic  or  drilling  data  which 
would  explain  the  marginal  plateau  as  down-dropped  from  the  rest  of 
the  Atlantic  margin. 
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Abstract.  During  the  Maestrichtian  and  Campan¬ 
ian,  southern  oceans  were  inhabited  by  distinct 
ecologically-restricted  nannofloras  whose  dis¬ 
tribution  was  limited  by  water  mass  boundaries. 
The  most  distinctive  nannoflora  is  a  diverse 
high  latitude  assemblage  best  typified  by  the 
population  preserved  in  DSDP  Hole  327A  samples 
from  the  Falkland  Plateau. 

Abundant  Biscutum  constans  and  (Watznaueria  + 
Cyclagelosphaera)  typified  low  latitude  regions, 
while  higher  latitudes  were  typified  by  Biscutum 
magnum  and  B.  coronum.  Micula  staurophora  was 
extremely  abundant  in  higher  latitudes,  but  south 
of  a  pronounced  water  mass  boundary,  it  was  ex¬ 
tremely  rare.  Ratios  of  low  latitude  to  high 
latitude  species  of  Biscutum,  and  Micula  stauro¬ 
phora  to  Watznaueria  and  Cyclagelosphaera  are 
viewed  as  a  valuable  tool  for  determining  the  de¬ 
ployment  of  Maestrichtian-Campanian  water  masses 
and  the  regional  distribution  of  the  water  tem¬ 
perature,  salinity,  and  nutrient  levels  which 
distinguished  them.  Tethyan  and  Falkland  Plateau 
Provinces  were  separated  by  a  broad  transition 
zone. 

The  unusual  marine  conditions  which  fostered 
the  development  of  the  Falkland  Plateau  nanno¬ 
flora  appear  to  have  existed  for  a  short  time 
interval;  most  forms  evolved  during  th  Campanian 
and  nearly  all  forms  disappeared  by  the  middle 
Maestrichtian. 


Introduction 

In  1977,  Ciesielski,  Sliter,  Wind,  and  Wise 
reported  the  existence  of  significant  differences 
in  microplankton  composition  of  Campanian-Maes- 
trichtian  samples  from  two  localities  on  opposite 
sides  of  the  Maurice  Ewinb  Bank  of  the  east-west 
trending  Falkland  Plateau.  Although  the  two 
sites  are  separated  by  just  over  one-half  degree 
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of  latitude  (62  km),  major  differences  in  their 
respective  calcareous  nannoplankton  assemblages 
suggested  that  a  major  water  mass  boundary  sep¬ 
arated  the  two  localities. 

The  presence  of  a  distinctive  high  southern 
latitude  nannoflora  during  the  Campanian-Maes- 
trichtian  was  first  revealed  during  examination 
of  four  cores  recovered  from  DSDP  Hole  327A  on 
the  Falkland  Plateau  (lat.  50°52’S;  long.  46° 
47’W).  The  recovered  section  contained  an  ex¬ 
ceptionally  well-preserved  and  diverse  nannoflora 
with  many  previously  unreported  taxa  which  Wind 
and  Wise  (in  Wise  and  Wind,  1977)  placed  in  eight 
new  genera  and  nineteen  new  species.  Equally.;., 
significant  was  the  absence  of  many  species  prev¬ 
iously  considered  "cosmopolitan".  . 

Key  sites  for  the  delineation  of  southern  hemi® 
sphere  nannoplankton  provinces  are  DSDP  Sites 
217,  249,  327,  356,  357,  Islas  Orcadas  Core  07fC\. 
75-44,  and  Verna  Cores  16-56  and  24-213.  Addit-r 
ional  southern  Atlantic  and  Indian  Ocean  sites 
studied  during  various  stages  of  this  research 
include  DSDP  Sites  20,  21  and  216.  The  present 
geographic  location  of  each  site  is  listed  in 
Table  1.  Paleogeographic  positions  are  shown  in 
Figure  1.  Except  where  noted,  the  paleogeograph¬ 
ic  reconstruction  used  in  this  paper  is  from 
Sliter  (1977)  modified  by  data  in  Matsumoto 
(1973,  Figure  3). 


Biostratigraphy 

Low  latitude  sites  were  dated  using  presently 
recognized  zonations  proposed  or  revised  by  Sepek 
and  Hay  (1969),  Bukry  and  Bramlette  (1970),  Bukry 
(1973a),  and  Perch-Nielsen  (1972).  Key  datums 
for  low  latitude  regions  include  the  first  occur® 
rence  of  Micula  mura,  Li ihraphi di tes  quadratus, 
Tetralithus  gothicus,  and  T.  trifidus,  and  theijjj 
last  occurrences  of  T.  gothicus,  T.  trifidSSs.'TW. 
Lithraphidites  quadratus,  and  Eiffellithus;  jigigjj 
eximius.  '  ';vNf|ga| 

A  set  of  middle  and  high  latitude  biostrati- 
graphic  datums  to  supplant  tropical  biohorizons 
has  been  proposed  by  Martini  (1976)  r-nd  Perch- 
Nielsen  (1977).  Martini  (1976)  notes  that  ;the]gjjj 
last  occurrence  of  Broinsonia  parca  may  be  used 
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TABLE  !.  Location  of  Sample  Sites 


Sample  Site 

Latitude 

Longitude 

DSDP  20 

28°32'S 

26°51  'W 

DSDP  21 

28°35'S 

30°36'W 

DSDP  216 

1®28’N 

90°12'E 

DSDP  217 

8®56'N 

90°32'E 

DSDP  249 

29®57’S 

36“05’E 

DSDP  327 

50°52'S 

46°47'W 

DSDP  354 

5°54'N 

44°12'W 

DSDP  355 

15°43'S 

30®36'W 

DSDP  356 

28®17'S 

41»05’W 

DSDP  357 

30°00'S 

35®34'W 

Islas  Orcadas  07-75-44 

50°18'S 

44®32'W 

Verna  16-56 

41®21'S 

26®33'E 

Verna  24-213 

36°59'S 

25°07'E 

to  define  the  upper  boundary  of  the  Tetralithus 
trifidus  Zone  in  high  latitudes.  Perch-Nielsen 
(1977)  notes  that  the  last-occurrence  datum  of 
Reinhardtites  anthophorus  may  be  similarly  ap¬ 
plied. 

High-Latitude  Nannoplankton 

The  most  common  species  of  the  Falkland  Plateau 
(high  southern  latitude)  Province  include  the 
following  upper  Campanian  taxa: 

Kamptnerius  magr.ificus  Deflandre,  1959 
Biscutum  magnum  Wind  and  Wise,  1977 
Biscutum  coronum  Wind  and  Wise,  1977 
Biscutum  notaculum  Wind  and  Wise,  1977 


Arkhangelskiella  cymbiformis  Vekshina,  1959 
Siffeili  :hus  turriseiffeli  (Deflandre  and 
Fert)  Reinhardt,  1965 

Cretarhabdus  conicus  Bramlette  and  Martini, 
1964 

Reinhardtites  anthophorus  (Deflandre)  Perch- 
Nielsen,  1968 

Monomarginatus  pectinatus  Wind  and  Wise,  1977 
M'.sceomarginatus  pleninorus  Wind  and  Wise, 
1977 

Prediscosphaera  cretacea  (Arkhangelsky) 
Gartner,  1968 

Prediscosphaera  spinosa  (Bramlette  and 
Martini)  Gartner,  1968 
Prediscosphaera  honjoi  Bukry,  1969 
Nephroiithus  sp.  (non  ,V.  freauens  Gorka, 

1957) 

Acuturris  scotus  (Risatti)  Wind  and  Wise, 

1977 

Lucianorhabdus  cayeuxii  Deflandre,  1959 
Gartnerago  obliquum  (Stradner)  Reinhardt, 

1970 

Gartnerago  segmentatum  (Stover)  Thierstein, 
1974 

Ahmuellerella  octoradiata  (Gorka)  Reinhardt, 
1966 

Broinsor.ia  enormis  (Shumenko)  Manivit,  1971 
Zygodiscus  diplogrammus  (Deflandre  and  Fert) 
Gartner,  1968 

Tranolithus  orionatus  Stover,  1966 
Biscutum  dissimilis  Wind  and  Wise,  1977 
Lower  Maestrichtian:  same  as  above,  but  with 

Monomarginatus  quaternaries  Wind  and  Wise, 

1977 

Cribrosphaerella  daniae  Perch-Nielsen,  1973 
N  and  without 

Biscutum  coronum  Wind  and  Wise,  1977 


Plate  l.  All  figures  phase-contrast  illumination,  X  2000. 

I,  2.  Nephroiithus  frequens  Gorka.  DSDP  21-208-34  3,  10  cm. 

3,  4.  Nephroiithus  n.  sp.  (low  focus,  high  focus).  DSDP  36-327A-11-2, 

102  cm. 

5,  6.  Biscutum  coronum  Wind  and  Wise.  DSDP  36-327A-13-2,  137  cm. 

7.  tsiscutum  magnum  Wind  and  Wise.  DSDP  36-327A-11-2,  102  cm. 

8.  Biscutum  magnum  Wind  and  Wise  (left)  and  B.  constans  (Gorka). 

DSDP  25-249-17-3,  20  cm. 

9.  Monomarginatus  pectinatus  Wind  and  Wise.  DSDP  36-327A-13-2,  54  cm. 

10.  Monomarginatus  pectinatus  Wind  and  Wise  (left)  and  Misceomargin- 

atus  pleniporus  Wind  and  Wise.  DSDP  36-327A-13-2,  54  cm. 

II.  Misceomarginatus  pleniporus  Wind  and  Wise.  DSDP  36-327A-13-2, 

54  cm. 

12.  Monomarginatus  quaternaries  Wind  and  Wise.  DSDP  36-327A-11-2, 

102  cm. 

13,  14. Micula  staurophora  (Gardet).  DSDP  25-249-17-3,  20  cm. 

15.  Watznaueria  barnesae  (Black).  DSDP  25-249-17-3,  20  cm. 

16.  Cyclagelosphaera  margareli  Noel.  DSDP  25-249-17-3,  20  cm. 

17.  Cribrosphaerella  ehrenbergii  (Arkhangelsky).  DSDP  25-249-17-3, 

20  cm, 

18.  Cribrosphaerella  daniae  Ferch-Nielsen.  DSDP  36-327A-11-2,  102  cm. 

19.  Lithraphidites  quadratus  Bramlette  and  Martini.  DSDP  25-249-17-3 

20  cm. 

20  Tetralithus  trifidus  (Stradner).  Demopolis  Chalk,  Oktibbeha  Co., 
Mississippi. 
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Monomarginatus  pectinatus  Wind  and  Wise,  1977 

Misceomarginatus  pleniporus  Wind  and  Wise, 
1977 

Broinsonia  enormis  (Shumenko)  Manivit,  1971 

Zygodiscus  diplogrammus  (Deflandre  and  Fert) 
Gartner,  1968 

Tranclithus  orionatus  Stover,  1966 

The  specimen  described  as  lephrolithus  n.  sp. 
in  Plate  1  is  m:  to  be  confused  with  Rhagodiscus 
reniformis  Perch-Nielsen,  1973.  The  latter  form 
appears  to  be  an  elongate  species  of  Nephrolithus 
with  a  poorly-defined  central  area  construction. 
When  viewed  on  the  TEM  or  SEM,  specimens  of 
Nephrolithus  n.  sp.  such  as  that  illustrated  in 
Plate  1,  Figures  3  and  4  are  characterized  by  be¬ 
tween  approximately  5  and  55  central  area  perfor¬ 
ations  defined  by  rings  of  6  inclined  calcite 
laths.  Central  area  perforations  of  N.  frequens 
number  between  2  and  15,  and  are  delineated  by 
concentric  rings  of  approximately  10  overlapping 
calcite  rhombs. 

Five  species  named  from  DSDP  Hole  327A  serve  as 
valuable  biostratigraphic  markers  in  several  high 
and  mid-high  latitude  sites  in  the  southern  hemi¬ 
sphere.  These  species,  illustrated  in  Plate  1, 
are  Biscutum  magnum,  B.  coronum,  Monoma rginatus 
quaternarius ,  M.  pectinatus,  and  Mi sceoma rginatus 
pleniporus. 

Two  Indian  Ocean  sites  (DSDP  217  and  DSDP  249) 
contain  sections  whose  nannofloras  incorporate 
elements  of  both  high-  and  mid-latitude  regions. 
It  is  possible,  therefore,  in  these  sections  to 
compare  the  time-stratigraphic  relationships  of 
biostratigraphic  events  of  species  from  both  re¬ 
gions. 

The  stratigraphic  placement  of  cores  from  DSDP 
Holes  217,  249,  and  327A  is  illustrated  in  Figure 
2.  The  bottom  portion  of  Site  249,  Core  16  and 
the  top  6.75  meters  of  Core  17  are  placed  in  the 
upper  Maestrichtian  Nephrolithus  freguens  Zone. 
The  remainder  of  Core  17  and  Cores  18  through  22 
arc  placed  in  the  upper  Campanian /lower  Maes¬ 
trichtian  Tetralithus  trifitius  Zone.  The  contact 
between  lower  and  upper  Maestrichtian  sediments 
may  be  represented  by  a  1  cm  clay-bearing  lime¬ 
stone  present  at  17-5,  88  cm.  Sediments  in  the 
overlying  meter  or  so  appear  to  contain  a  mixed 
lower  and  upper  Maestrichtian  assemblage.  Kanno- 
plankton  in  the  Cretaceous  of  DSDP  Site  249  are 
discussed  in  Bukry  (1974b).  Nannoplankton  from 
DSDP  Leg  22  Sites  212,  216  and  217  are  reviewed 
in  Gartner  (1974)  and  Bukry  (1974a). 

The  calcareous  nannoplankton  assemblage  in  Core 
13  of  Hole  327A  can  be  dated  as  either  Campanian 
or  earliest  Maestrichtian,  however.  Core  13  is 
placed  in  the  Campanian  based  upon  an  analysis  of 
the  planktonic  foraminifera  by  Sliter  (1977). 
Cores  10  through  12  are  placed  in  the  early  Maes¬ 
trichtian  based  upon  correlation  with  the  nanno¬ 
floras  in  samples  from  DSDP  Sites  217  and  249. 

The  following  species  serve  as  excellent  bio¬ 
stratigraphic  markers  in  high  southern  latitudes. 

Monomarginatus  quaternaries  First  occurrence 
is  mid-lower  Maestrichtian;  highest  occurrence  is 
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approximately  at  the  boundary  between  the  lower 
and  middle  Maestrichtian. 

Misceomarginatus  pleniporus:  Age  of  first  oc¬ 
currence  is  not  known;  highest  occurrence  is  mid- 
lower  Maestrichtian. 

Monomarginatus  pectinatus:  Known  stratigraphic 
range  is  the  same  as  for  Misceomarginatus  pleni¬ 
porus. 

Biscutum  coronum:  The  known  range  is  the  same 
as  for  the  two  preceding  species. 

Biscutum  magnum:  The  point  of  first  occur¬ 
rence  of  this  species  is  not  known;  the  highest 
occurrence  appears  to  be  at  about  the  boundary 
between  middle  and  upper  Maestrichtian. 

In  high  latitudes  of  both  southern  and  northern 
hemispheres,  Biscutum  magnum  and  B.  coronum  sup¬ 
plant  Seribiscutum  primitivum  (Thierstein) 
Filewicz,  Wind  and  Wise,  a  form  with  similar  size 
and  construction,  but  different  central  area 
design.  The  replacement  of  5.  primitivum  by  Bi¬ 
scutum  magnum  and  B.  coronum  took  place  during 
the  Santonian  or  Campanian. 

Paleob iogeography 

The  presence  of  distinctive  latitudinally-re- 
stricted  nannoplankton  species  during  the  Maes¬ 
trichtian  was  first  reported  by  Worsley  and 
Martini  (1970),  who  noted  a  bipolar  distribution 
of  Nephrolithus  freguens  and  a  coeval  concentrat¬ 
ion  of  Micula  mu ra  in  lower  latitudes.  Latitud¬ 
inal  and  climatological  distribution  patterns  of 
Maestrichtian  nannoplankton  are  also  discussed  in 
Worsley  (1974). 


Figure  1.  Paleogeographic  location  of  sample 
sites  utilized  in  the  study  of  Campanian-Maes- 
trichtian  southern  Atlantic  and  Indian  Ocean 
nannoplankton  provinces.  Except  for  one  Islas 
Orcadas  piston  core  site  (10  07-75-44)  and  two 
Verna  piston  core  sites  (Verna  16-56  and  24-213), 
all  localities  are  Deep  Sea  Drilling  Project 
(DSDP)  sites. 
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Thierstein  (1976)  notes  that  Kamptnerius  mag¬ 
ni  ficus,  Lucianorhabdus  cayeuxii,  Nephrolithus 
frequens,  Gartneraqo  obliquum,  Micula  stauro- 
phora.  Vagalapilla  octoradiata,  Tetralithus  ob- 
scurus,  and  Braarudosphaera  bigolowi  become  more 
abundant  with  increasing  paleolatitude.  The  only 
known  report  concerning  a  systematic  analysis  of 
Upper  Cretaceous  calcareous  nannoplankton  biogeo¬ 
graphy  is  an  abr  -.ract  by  Thierstein  and  Haq 
(1977),  in  which  they  conclude  that: 

(1)  Relative  abundance  distribution  at  a  par- 
ticul.  r  site  remains  remarkably  steady  throughout 
the  Maestrichtian,  (2)  Maestrichtian  biogeograph¬ 
ic  boundaries  roughly  parallel  latitude,  (3) 
Tropical  assemblages  are  characterized  by  domin¬ 
ance  of  Micula  staurophora  and  Watznaueria 
barnesae ,  and  by  common  Micula  mura  and  Tetra¬ 
lithus  aculeus,  (4)  High  latitude  communities 
contain  abundant  Nephrolithus  frequens,  Arkhang- 
elskiella  cymbiformis,  Kamptnerius  magni ficus, 
Lucianorhabdus  cayeuxii,  and  Zy godiscus  antho- 
phorus. 

Few  other  rublications  discuss  Upper  Cretac¬ 
eous  nannoplankton  paleobiogeography,  and  most 
of  these  briefly  mention  the  subject  when  dis¬ 
cussing  assemblages  from  a  single  or  closely- 
grouped  set  of  sample  sites. 

Distribution  of  Micula  staurophora ,  Watznaueria, 
and  Cyclagelosphaera 

Both  empirical  observation  and  initial  exam¬ 
ination  of  the  results  of  Q-mode  Varitnax  Factor 
Analysis  (manuscript  in  preparation)  reveal  a 
generally  worldwide  inverse  relationship  in  the 
abundance  of  Micula  staurophora  and  (Watznaueria 
barnesae  +  Cyclagelosphaera  margareli) .  Repres¬ 
entative  .  cimens  of  these  forms  are  illustrated 
i'-  Plate  1,  Figures  13  through  16.  Although  the 
number  and  arrangement  of  skeletal  elements  on 
the  algal  cell  which  is  presumed  to  have  secreted 
the  form  species  Micula  staurophora  is  not  known 
(Watznaueria  and  Cyclagelosphaera  are"  often  pre¬ 
served  as  intact  coccospheres) ,  the  ratio  of 
these  forms  is  still  an  indicator  of  the  relative 
number  of  individuals  of  each  species.  Haq  and 
Lohmann  (1976)  note  that  population  counts  are 
biased  in  favor  of  species  with  large  numbers  of 
skeletal  elements,  and  that  this  bias  could  be 
corrected  if  we  knew  the  average  number  of  cocco- 
liths  forming  the  skeleton  of  each  species.  For 
most  fossil  forms,  this  is  not  known. 

One  feature  of  these  species  argues  for  the 
validity  of  any  paleoecological  interpr-tation 
based  upon  their  distribution  and  relative  abund¬ 
ance.  Micula  staurophora,  Watznaueria,  and 
Cyclagelosphaera  are  three  of  the  most  dissolut¬ 
ion-resistant  elements  of  Campanian  and  Maes¬ 
trichtian  nannofloras,  and  consequently,  the 
ratio  of  these  forms  as  recorded  in  sediments 
should  be  a  fairly  accurate  representation  of 
original  phytoplankton  skeletal  composition.  The 
J'minance  of  tropical  assemblages  by  Micula 
•  aurophora  and  Watznaueria  barnesae  cited  by 


Thierstein  and  Haq  (197  7)  may  be  due  to  the 
enrichment  of  the  former  and  most  dissolution- 
resistant  form  by  the  dissolution  of  more  sus¬ 
ceptible  taxa.  All  material  referred  to  in  this 
report  consists  of  well-preserved  calcareous 
nannoplankton  assemblages.  Samples  having  been 
subjected  to  extensive  dissolution  and/or  calcite 
overgrowth  were  not  included  in  the  analysis  of 
key  species  distribution  and  relative  abundance. 

Bukry  (1973b,  p.  889)  notes  that  the  coccolith 
assemblage  from  Hole  207A  in  the  Tasman  Sea  (DSDP 
Leg  21)  is  remarkable  in  the  common  occurrence  of 
Kamptnerius  magni ficus  and  the  absence  of  Watz¬ 
naueria  barnesae.  He  notes  that  the  reverse  is 
generally  true  in  low  latitude  oceanic  sections, 
and  that  in  only  very  few  high  latitude  localit¬ 
ies  such  as  those  in  western  Siberia  and  New  Zea¬ 
land  has  w.  barnesae  been  found  to  be  absent  from 
late  Cretaceous  samples. 

In  North  Sea  samples,  Micula  staurophora  is 
common,  while  Watznaueria  and  Cyclagelosphaera 
are  absent  (J.  Keany,  1977  personal  communicat¬ 
ion).  In  Labrador  Sea  sites,  Micula  staurophora 
is  not  only  much  more  common  than  Watznaueria  and 
Cyclagelosphaera,  but  dominates  the  entire  nanno- 
flora,  comprising  between  49  and  75  percent  of 
all  specimens  counted.  The  presence  of  well- 
preserved  specimens  of  Kamptnerius  magnificus  and 
Lithraphidites  quadratus  discounts  appreciable 
preservational  enrichment  of  Micula  staurophora. 

Figure  3  records  values  of  Micula  staurophora 
divided  by  the  sum  of  Watznaueria  and  Cuclageol- 
sphaera  (M/W+C)  for  sites  in  the  South  Atlantic  * 
and  Indian  Oceans.  Values  for  each  sample  re- 
p. esent  combined  counts  in  excess  of  100  speci¬ 
mens.  Population  percentage  of  Micula  stauro¬ 
phora  and  (Watznaueria  +  Cyclagelosphaera)  at 
key  sites  in  the  southern  Atlantic  and  Indian 
Oceans  are  listed  in  Table  2.  Trends  in  these 
values  can  be  observed  both  in  individual  sites, 
and  in  relation  to  paleolatitude. 

The  most  significant  differences  in  M/W+C  val¬ 
ues  between  adjacent  sites  are  exhibited  by  sites 
on  the  Agulhas  and  Mozambique  Plateaus.  The 
nannoflora  from  Verna  Core  24-213  is  typified  by 
abundant  Micula  staurophora  and  rare  Watznaueria 
and  Cyclagelosphaera.  Coeval  samples  from  DSDP 
Site  249  to  the  north  contain  few  specimens  of 
Micula,  but  a  much  greater  concentration  of 
Watznaueria  and  Cuclagelosphaera .  Samples  from 
Verna  Core  16-56,  the  more  southerly  site  on  the 
Agulhas  Pla  eau,  contain  only  rare  specimens  of 
all  three  forms.  Txtreme  rarity  of  Micula 
staurophora,  Watznaueria,  and  Cyclagelosphaera 
also  characterizes  sat  pies  from  DSDP  Hole  327A, 
and  the  shallowest  sample  from  Islas  Orcadas  Core 
07-75-44. 

The  increase  in  numbers  of  Micula  staurophora 
in  younger  Maestrichtian  nannofloras  was  first 
observed  by  Worsley  (1974,  p.  123,  fig.  21;  p. 

125,  fig.  22),  who  noted  this  trend  in  a  sequence 
of  samples  from  the  Braggs  section  in  Alabama. 

The  increase  in  Micula  staurophora  and  decrease 
in  Watznaueria  and  Cyclagelosphaera  in  younger 
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TABLE  2.  Distribution  of  paleoeculogical  indicator  species  on  the  Falkland,  Agulhas,  and  Mozambique 
Plateaus.  Values  represent  percent  of  total  population  based  on  counts  of  300  specimens  from  each  sample. 


Sample  Site 


Biscutum  cons  tans 


Biscutum  magnum  i  Hicula  staurophora  Watznaueria  + 

Biscutum  coronum  Cyclagelosphaera 


Verna  16-56 

75  cm 

3-33 

18.67 

2.00 

2.33 

100  cm 

3.67 

23.00 

1.33 

1.00 

Verna  24-213 

— 

■ — Upper  Campanian  to  Lower  Maescrichtian 

150  cm 

0.33 

1.33 

78.67 

9.67 

250  cm 

1.00 

4.33 

60.33 

10.67 

DSDP  Site  249- 

18-1,  24  cm 

22.33 

1.00 

4.33 

12.00 

19-1,  120  cm 

10.33 

0.33 

2.33 

12.67 

20-1,  20  cm 

8.33 

0.33 

5.00 

8.67 

- Upper  Campanian - 

21-2,  20  cm 

10.67 

0.67 

5.33 

12.33 

22-1,  148  cm 

6.67 

0.00 

7.67 

15.67 

Islas  Orcadas  07-75-44 

— 

— Upper  Campanian  to  Lower  Maestrichtian 

71  cm 

7.33 

28.67 

0.00 

0.33 

75  cm 

18.00 

8.00 

2.33 

6.67 

80  cm 

24.67 

4.33 

0.33 

5.67 

101  cm 

20.00 

2.00 

1.67 

10.33 

150  cm 

21.67 

1.33 

4.67 

11.33 

*•'5  cm 

22.00 

1.67 

2.67 

25.33 

350  cm 

29.00 

4.33 

0.67 

17.67 

DSDP  Hole  327A- 

- 

10-3,  14  cm 

0.00 

9.00 

0.00 

0.00 

11-1,  45  cm 

0.00 

10.00 

0.33 

0.00 

11-2,  123  cm 

0.00 

12.00 

0.00 

0.33 

12-1,  67  cm 

0.00 

13.00 

0.67 

0.00 

12-4,  31  cm 

0.00 

20.33 

0.00 

0.00 

- Upper  Campanian-  -  -  - 

13-2,  54  cm 

0.00 

21.33 

0.33 

0.33 

13-2,  137  cm 

0.33 

18.00 

0.67 

0.67 

portions  of  Maestrichtian  sections  can  be  observ¬ 
ed  in  several  Atlantic  and  Indian  Ocean  sites, 
and  is  best  illustrated  here  by  the  data  from 
DSDP  Site  357.  The  relative  abundance  distribut¬ 
ion  of  these  three  forms  in  the  southern  oceans 
is  illustrated  in  Figure  4. 

Distribution  of  Species  of  Biscutum 

During  the  course  of  this  research,  it  became 
evident  that  it  was  possible  to  recognize  a  sec¬ 
ond  paleolatitudinally-dependant  feature  of  nan- 
nofloral  composition,  i.e.,  the  relative  abund¬ 
ance  of  species  of  the  genus  Biscvtum.  During 
the  Late  Cretaceous,  low  and  middle  latitudes 
were  typified  by  abundant  B.  constans ,  while  in 
higher  latitudes,  this  genus  was  represented  by 
B.  magnum  and  B.  coronum.  It  was  thought  that 
in  regions  where  the  distribution  of  these  forms 
overlapped,  it  would  be  possible  to  analyze  the 
ratios  of  specimen  counts  of  these  species  and 
determine  a  relative  temperature  value  for  iso¬ 
lated  samples,  and  approximate  paleotemperature 
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curves  (or  relative  residence  time  of  different 
water  masses  over  the  site)  for  a  sequence  of 
samples.  Similar  approaches  using  nannoplanktori 
have  been  utilized  in  the  study  of  climatic 
fluctuation  during  the  Tertiary  and  Quaternary. 

Biscutum  constans  vs.  B.  magnum  +  B.  coronum 
ratios  were  determined  for  all  southern  hemisph¬ 
ere  sites.  Biscutum  dissimilis  Wind  and  Wise  (in 
Wise  and  Wind,  1977,  p.  298,  pi.  23,  figs.  1-5; 
pi.  24,  figs.  3-6)  is  a  rare  nannofloral  element 
and  was  not  included  in  these  counts.  Where  pos¬ 
sible,  the  number  of  specimens  of  B.  magnum  +  B. 
coronum  was  determined  during  a  count  of  100 
specimens  of  the  low  latitude  species. 

Low  numbers  of  Biscutum  constans  and  extreme 
abundance  of  B.  magnutii  a<i  B.  coronum  in  samples 
from  DSDP  Hole  327A  and  Verna  Core  16—56,  and  in 
the  highest  sample  from  IsJas  Orcadas  Core  07-75- 
44  generate  extraordinarily  high  Biscutum  values, 
which  when  extrapolated  to  a  count  of  100  speci¬ 
mens  of  b.  constans,  result  in  as  many  as  2500 
specimens  of  the  high  latitude  species.  In  con¬ 
trast,  samples  from  Verna  Core  24-213  and  from 


Figure  5.  Relative  abundance  of  Biscutum  constans  and  (B.  magnum  +  B, 
cotonum)  in  the  southern  oceans  during  the  late  Campanian  and  early 
Maestrichtlan. 


several  sites  in  the  Indian  Ocean  contain  relat¬ 
ively  few  specimens  of  any  species  of  this  genus. 

The  relative  abundance  of  species  of  Biscutum 
in  samples  from  several  sites  is  included  in 
Table  2.  The  paleogeographic  distribution  in  the 
southern  Atlantic  and  Indian  Oceans  is  illustrat¬ 
ed  in  Figure  5. 

Paleoecological  Significance  of  M/W+C  and 
Biscutum  Values 

The  relative  abundance  of  these  forms  in  the 
southern  hemisphere  in  the  upper  Campanian 
through  middle  Maestrichtian  is  summarized  in 
Figure  6.  Watznaueria  and  Cyclagelosphaera  were 
most  abundant  in  low  latitudes.  Micula  stauro- 
phore  increased  in  abundance  with  increased  lati¬ 
tude,  but  all  three  forms  rapidly  decreased  in 
numbers  poleward  of  a  sharp  water  mass  boundary. 
The  low  latitude  and  high  latitude  species  of 
Biscutum  occurred  in  a  nearly  reciprocal  abund¬ 
ance  relationship.  However,  between  the  area 
dominated  by  B.  constans  and  the  area  dominated 
by  Biscutum  magnum  and  B.  coronum  existed  a  zone 
in  which  all  species  of  this  genus  were  poorly 
represented. 

At  several  sites,  there  appears  to  be  a  direct 
relationship  between  high  counts  of  Micula 
staurophora,  and  abundant  Biscutum  magnum  and  B. 
coronum.  Specimens  of  b.  magnum  were  observed  in 
only  two  samples  from  DSDP  Site  357;  the  two  mid¬ 
dle  Maestrichtian  samples  with  the  highest  M/W+C 
values  (see  Figure  3).  Although  high  M/W+C  val¬ 
ues  were  also  calculated  for  samples  in  the  up¬ 
per  Maestrichtian  portion  of  the  section  recover- 
at  the  site,  Biscutum  magnum  was  not  found.  This 
observation  adds  support  to  the  determination  of 
an  upper-middle  Maestrichtian  last  occurrence 
datum  for  this  species  based  upon  data  from  DSDP 
Sites  217  and  249.  Other  sites  in  the  southern 
ocean  are  typified  by  high  concentrations  of  the 
high  latitude  species  of  Biscutum  and  an  absence 
or  near  absence  of  all  of  the  other  species  under 
consideration. 

Possible  Causes  for  Campanian-Maestrichtian 
Nannoplankton  Provinces 

Several  features  of  the  marine  realm  are  viewed 
as  possible  controlli  g  influences  on  the  distri¬ 
bution  of  Campanian  and  Maestrichtian  nannoplank¬ 
ton  assemblages  and  the  species  considered  here¬ 
in.  A  deviation  from  normal  marine  salinity, 
unusually  high  or  low  surface  water  temperatures, 
or  atypical  nutrient  levels  would  be  expected  to 
in  some  way  alter  the  assemblage  of  an  indigenous 
phytoplankton  community. 

It  is  probable  that  abnormally  low  salinity 
would  be  reflected  by  a  high  concentration  of  the 
pentalith  Braarudosphaera  bigelowi  (Gran  and 
Braarud)  Deflandre.  This  species  is  an  excellent 
paleosalinity  monitor;  it  flourishes  in  hyposal- 
ine  conditions,  is  rare  in  marine  waters  of  nor¬ 
mal  salinity,  and  is  not  found  under  hypersaline 
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conditions.  The  ecology  and  paleoecology  of 
pentaliths  is  discussed  in  Bukry  (1974c).  Al¬ 
though  Thierstein  (1976)  notes  that  B.  bigelowi 
becomes  more  abundant  with  increasing  paleolati- 
tude,  no  pentaliths  were  observed  in  the  Campan¬ 
ian  and  Maestrichtian  nannofloras  in  the  area  of 
present  investigation.  In  the  high  southern 
paleolatitudes,  the  absence  of  this  form  may  re¬ 
flect  higher  than  normal  marine  salinity. 

Unusually  cold  surface  water  temperatures  are 
also  viewed  as  a  possible  limiting  factor  on  the 
distribution  of  many  Maestrichtian  and  Campanian 
taxa.  Although  surface  water  temperature  is  one 
aspect  of  the  marine  realm  most  easily  tied  to 
latitude  or  paleolatitude,  the  characterization 
of  the  Falkland  Plateau  assemblage  as  a  cryophyl- 
lic  population  is  not  supported  by  the  results  of 
distribution  studies  on  Cenozoic  and  extant  popu¬ 
lations.  Past  and  present  cold  water  regions 
support  nannoplankton  assemblages  characterized 
by  greatly  reduced  abundance  and  diversity. 

Abnormal  nutrient  levels  during  the  Campanian 
and  Maestrichtian  are  difficult  to  detect.  The 
rapid  change  in  paleoecological  aspect  of  the 
nannoflora  in  the  few  centimeters  of  sediment  im¬ 
mediately  below  a  Maestrichtian  chert  capping  the 
Cretaceous  portion  of  the  Islas  Orcadas  core  sug¬ 
gests  rapidly  altered  marine  conditions.  Upwell- 
ing  of  bottom  waters  along  the  Falkland  Plateau 
may  have  introduced  cooler,  nutrient-rich  water 
of  higher  than  normal  salinity  to  the  southern 
ocean  region.  A  similar  phenomenon  may  have  oc¬ 
curred  in  the  southern  portion  of  the  Agulhas 
Plateau.  This  altered  ecological  state  would 
foster  a  siliceous  phytoplankton  bloom;  a  possi¬ 
ble  source  for  the  chert  bed  in  the  Islas  Orcadas 
core  and  the  chert  nodules  in  the  section  from 
DSDP  Hole  327A. 


Paleobiogeog 

Plateaus 


on  the  Agulhas  and  Mozambique 


Upper  Campanian  to  lower  Maestrichtian  sedi¬ 
ments  we re  recovered  in  two  cores  on  the  Agulhas 
Plateau  (Verna  16-56  and  Verna  24-213).  Both  cores 
were  dated  as  Maestrichtian  by  Thierstein  (1976) 
and  by  Okada  (Tucholke  and  Carpenter,  1977). 

The  higher  latitude  site  (Verna  16-56)  is  typif¬ 
ied  by  rare  specimens  of  Watznaueria ,  Cyclagelo¬ 
sphaera,  and  Micula  staurophora,  abundant  Bi¬ 
scutum  magnum,  and  rare  B.  constans .  The  new 
species  of  Nephrolithus  is  present,  although  gen¬ 
erally  represented  only  by  rims.  The  high  lati¬ 
tude  species  of  Cribrosphaerella ,  C.  daniae  (see 
Plate  1,  Figure  18)  is  common  and  more  abundant 
than  C.  ehrenbergi.  All  aspects  of  the  nanno¬ 
flora  from  this  site  reflect  great  similarity  of 
these  samples  with  those  from  DSDP  Hole  327A  on 
the  Falkland  Plateau. 

In  contrast,  samples  from  Verna  Core  24-213  are 
typified  by  high  counts  of  Micula  staurophora. 
Watznaueria  are  Cyclagelosphaera  are  present,  but 
to  a  lesser  extent.  The  remainder  of  the  nanno¬ 
flora  is  composed  principally  of  Kamptnerius  mag- 
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Figure  6.  Generalized  southern  hemisphere  dis¬ 
tribution  of  key  Campanian-Maestrichtian  ecolog¬ 
ically  sensitive  nannoplankton  species.  Relative 
abundance  of  each  species  or  species  group  at  a 
given  paieolatitude  is  represented  by  the  thick¬ 
ness  of  the  shaded  area. 

nificus,  Reinhardtites  spp.,  Arkhangelskiella 
cymbiformis,  Gartnerago  spp.,  Broinsonia  parca, 
and  B.  enormis .  Although  Biscutum  magnum  is  more 
abundant  than  B.  constans,  this  genus  as  a  whole 
represents  no  more  than  approximately  five  per¬ 
cent  of  the  total  population.  The  assemblage  in 
samples  from  Verna  Core  24-213  closely  resembles 
assemblages  from  several  mid  to  high  latitude 
sites  in  the  North  Atlantic. 

Although  the  two  Verna  sites  are  separated  by 
only  about  4%  degrees  of  latitude,  their  n  'nno- 
floras  are  quite  different.  This  condition  could 
indicate  that  the  two  sites  received  phytoplank¬ 
ton  remains  from  assemblages  whose  composition 
was  dictated  by  significantly  different  marine 
conditions. 

In  contrast  to  the  ultra-high  latitude  aspect 
of  the  nannoflora  from  Verna  16-56  and  the  mid- 
high  latitude  character  of  the  assemblage  from 
Verna  24-213,  samples  from  DSDP  Site  249  on  the 
Mozambique  Plateau  contain  a  coccolith  assemblage 
having  middle  latitude  affinities.  The  populat¬ 
ion  is  typified  by  low  M/W+C  values  and  abundant 
Biscutum  constans.  B.  magnum  and  B.  coronum  ate 
generally  poorly  represented. 

The  trends  in  nannofloral  composition  observed 
in  this  region  south  of  Africa  mirror  the  situat¬ 
ion  present  in  the  Indian  Ocean.  Changes  in 
total  numbers  and  relative  abundance  of  paleoeco- 
logically  sensitive  species  coincided  with  chang¬ 


ing  latitude  of  DSDP  Site  216  on  the  Ninetyeast 
Ridge  as  the  site  drifted  rapidly  northward  dur¬ 
ing  the  Campanian  and  Maestrichtian. 

Ptleot  -ogeography  on  the  Falkland  Plateau 

As  discussed  in  Ciesielski  et  al.  (1977),  the 
nannofloras  from  Islas  Orcadas  Core  07-75-44  and 
DSDP  Hole  327A  differ  greatly  in  terms  of  compos¬ 
ition  and  paleoecological  indices.  The  Islas 
Orcadas  Core  samples  are  also  radically  different 
from  the  lower  latitude  lannofloras  in  DSDP  Sites 
20,  21,  356,  and  357. 

The  most  contrasting  features  of  the  two  Falk¬ 
land  Plateau  sites  are  best  illustrated  by  the 
data  in  Table  2.  While  Biscutum  magnum  and  B. 
coronum  typify  samples  from  the  more  southerly 
DSDP  site,  the  most  common  species  of  this  genus 
in  the  Islas  Orcadas  samples  is  B.  constans. 
Watznaueria  and  Cyclagelosphaera  are  unusually 
abundant  at  the  Islas  Orcadas  site  when  viewed  in 
light  of  the  near-absence  of  these  forms  in  the 
adjacent  DSDP  Hole,  or  when  compared  to  the  gen¬ 
eral  distribution  pattern  of  these  species  in 
other  r.id  to  high  latitude  regions. 

When  the  distribution  pattern  of  key  elements 
of  the  nannofloras  of  the  Falkland  Plateau  is 
viewed  in  light  of  the  generalized  latitudinal 
distribution  pattern  presented  in  Figure  6,  it 
appears  as  if  two  distinct  latitudinal  regimes 
have  been  brought  in  close  proximity  without 


region  of  the  Falkland  Plateau  during  the  Campan¬ 
ian-Maestrichtian.  Land  and  bathymetric  config¬ 
uration  is  largely  conjectural,  (from  Ciesielski 
et  al.,  1977). 
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Figure  8.  Areal  distribution  of  planktonic  foraminifera  and  calcareous 
nannoplankton  provinces  during  the  late  Campanian  and  early  Maestricht- 
ian.  Paleogeographic  reconstruction  and  foraminifera  data  is  from 
Sliter  (1977). 


benefit  of  an  Intervening  transition  zone.  Miss¬ 
ing  from  the  Plateau  region  is  the  mid-high  lat¬ 
itude  nannoflora  typified  by  abundant  Micula 
staurophore  and  rare  Watznaueria  and  Cyclagelo- 
sphaera.  It  is  evident  that  the  position  of  the 
Falkland  Plateau  during  the  Campanian  and  Maes- 
trlchtian  coincided  with  the  boundary  between  two 
water  masses;  a  warm  South  Atlantic  counterclock¬ 
wise  gyre,  and  a  reciprocal  clockwise  gyre  or 
region  of  upwelling  between  the  Antarctic  contin¬ 
ent  and  the  Falkland  Plateau  (see  Figure  7). 

Comparison  with  Planktonic  Foraminifera  Paleobio- 


Sliter  (1977)  recognized  three  planktonic 
foraminifera  provinces  in  the  Southern  Hemi¬ 


sphere:  Tethyan,  Transitional,  and  Austral.  The 
paleogeographic  distribution  of  these  faunas  is 
shown  in  Figure  S.  Tethyan  assemblages  are  gen¬ 
erally  found  between  0°and  30°S  paleolatitude. 
Assemblages  having  Austral  affinities  are  found 
on  the  Falkland  Plateau  (DSDP  Hole  327A)  and  in 
New  Zealand.  CiesColski  et  al.  (1977)  and  Sliter 
(1978  personal  communication)  note  that  the  fauna 
from  the  Islas  Orcadas  Core  on  the  Falkland  Pla¬ 
teau  belongs  in  the  Austral  Province,  but  that  it 
has  a  slightly  warmer-water  aspect  than  the  fauna 
from  DSDP  Hole  327A.  Sliter  has  not  examined 
samples  from  the  two  sites  on  the  Agulhas  Plateau 
discussed  in  this  paper. 

Figure  8  also  incorporates  the  general  posit¬ 
ions  of  Tethyan,  Transitional,  and  Falkland  Pla¬ 
teau  nannoplankton  Provinces.  Rather  than  refer- 
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ring  to  the  region  occupied  by  the  high  latitude 
nannoflora  as  "Austral",  1  have  elected  to  use 
the  term  "Falkland  Plateau  Province".  Sharp 
differences  in  nannofloral  composition  are  evi¬ 
dent  between  sites  in  the  southern  Atlantic  and 
Indian  Oceans  and  sites  in  the  Tasman  Sea  (DSDP 
Sites  207  and  208).  It  is  a  distinct  possibility 
that  these  differences  are  a  result  of  slight  age 
differences  rather  than  the  result  of  provincial¬ 
ity.  The  sections  recovered  in  the  Atlantic  and 
Indian  Oceans  are  all  upper  Campanian  through 
middle  Maestrichtian,  while  the  two  Tasman  Sea 
sites  are  upper  Maestrichtian.  Ranges  of  high 
latitude  species  as  recorded  at  DSDP  Sites  217 
and  249,  and  to  a  minor  extent,  DSDP  Site  357, 
suggests  that  most  if  not  all  of  the  distinctive 
species  which  characterize  the  Falkland  Plateau 
assemblage  died  out  prior  to  the  upper  Maestrich¬ 
tian.  Until  upper  Maestrichtian  samples  are  ob¬ 
tained  from  the  Falkland  Plateau,  or  older  sedi¬ 
ments  are  found  in  the  Tasman  Sea  or  New  Zealand, 
the  question  as  to  whether  the  differences  in 
nannofloral  composition  between  these  two  regions 
remains  unanswered. 

The  Tethyan  Province  is  characterized  by  common 
to  abundant  Biscutum  constans  and  Watznaueria  + 
Cyclagelosphaera,  and  rare  Micula  staurophora. 

The  Falkland  Plateau  Province  is  typified  by 
abundant  Biscutum  magnum  and  B.  coronum ,  and  rare 
Watznaueria,  Cyclagelosphaera,  and  Micula  stauro- 
phore.  The  broad  Transition  Zone  is  typified  by 
assemblages  in  which  Micula  staurophora  and  Watz¬ 
naueria  +  Cyclagelosphaera  vie  for  dominance; 
both  Biscutum  constans  and  B.  magnum  (+  B.  coron¬ 
um)  may  be  present  to  some  extent,  with  B.  const¬ 
ans  the  most  common  species  of  this  genus 
throughout  the  province. 

The  southernmost  limit  of  the  Tethyan  Province 
is  placed  at  the  point  of  lowest  latitude  occur¬ 
rence  of  the  high  latitude  species  of  Biscutum. 
The  northernmost  limit  of  the  Falkland  Plateau 
Province  is  marked  by  a  line  south  of  which  few 
specimens  of  Micula  staurophora,  Watznaueria  and 
Cyclagelosphaera  are  present.  During  the  upper 
Campanian  through  middle  Maestrichtian,  this 
region  was  also  typified  by  abundant  Biscutum 
magnum  and  II.  coronum. 

Using  the  criteria  outlined  here  to  delineate 
nannoplankton  province  boundaries,  there  appears 
to  be  good  agreement  between  the  location  of  a 
Tethyan-Transitional  Province  boundary  using 
planktonic  foraminifera,  and  using  calcareous 
nannoplankton.  The  areal  extent  of  the  Austral 
Foraminifera  Province  is  not  precisely  known,  ow¬ 
ing  to  the  paucity  of  data  points  in  the  south 
Atlantic  and  Indian  Oceans.  As  a  result,  it  is 
not  possible  to  compare  the  limits  of  the  Austral 
(Planktonic  Foraminifera)  and  Falkland  Plateau 
(Calcareous  nannoplankton)  Provinces. 

Summary  and  Conclusions 

1.  An  extremely  diverse  and  well-preserved 
Campanian-Maestrichtian  nannoplankton  assemblage 
typifies  samples  from  DSDP  Hole  327A  on  the  Falk¬ 


land  Plateau.  The  assemblage  was  not  confined  to 
the  Falkland  Plateau,  but  also  occupied  the 
southern  portion  of  the  eastern  sector  of  the 
Atlantic  Ocean  and  southern  Indian  Ocean. 

2.  By  comparing  the  ranges  of  high,  middle,  and 
low  latitude  nannoplankton  species  in  two  Indian 
Ocean  sites  (DSDP  Sites  217  and  249),  it  is  pos¬ 
sible  to  determine  the  ages  of  the  cores  recover¬ 
ed  from  DSDP  Hole  327A.  Core  13  is  dated  as  late 
Campanian,  while  cores  10  through  12  are  early 
Maestrichtian.  A  core  from  a  second  site  on  the 
Falkland  Plateau,  Islas  Orcadas  Core  07-75-44,  is 
dated  as  latest  Campanian  to  earliest  Maestricht- 

.  Data  from  DSDP  Sites  217  and  249  indicates 
that  nearly  all  of  the  distinctive  species  which 
characterize  the  Falkland  Plateau.  Assemblage  dis¬ 
appeared  before  the  upper  Maestrichtian.  It  is 
not  known  whether  this  high  latitude  assemblage 
was  also  present  in  the  southern  Pacific  region. 

i.  The  most  obvious  difference  between  well- 
preserved  nannofloras  from  low,  middle,  and  high 
latitude  regions  is  the  relative  abundance  of 
Micula  staurophora  and  Watznaueria  barnesae  + 
Cyclagelosphaera  margareli.  Watznaueria  and 
Cyclagelosphaera  were  the  dominant  low-latitude 
nannofloral  components.  In  higher  latitudes, 
Micula  staurophora  became  much  more  common,  and 
in  some  regions,  its  skeletal  elements  comprised 
more  than  half  of  all  elements  in  the  sediment. 

In  the  southernmost  sites  in  the  Atlantic  and 
Indian  Oceans,  all  three  of  these  forms  were  ex¬ 
tremely  rare  south  of  a  sharp  water  mass  bound¬ 
ary. 

5.  In  addition  to  the  ratio  of  Micula  stauro¬ 
phora  to  watznaueria  +  Cyclagelosphaera,  the 
relative  abundance  of  the  high  latitude  species 
of  Biscutum  (B.  magnum  and  B.  coronum)  appears  to 
be  a  valid  indicator  of  province  affinity  and 
relative  paleolatitude.  Biscutum  constans  was 
the  dominant  low  latitude  species,  while  in  high 
latitudes,  the  genus  was  represented  almost  ex¬ 
clusively  by  species  first  observed  on  the  Falk¬ 
land  Plateau.  The  two  regimes  were  separated  by 
a  zone  in  which  few  specimens  of  any  species  of 
this  genus  were  present. 

6.  Accelerated  flow  of  the  South  Atlantic  Gyre 
and  the  presence  of  a  reciprocal  clockwise  cur¬ 
rent  or  zone  of  upwelling  along  the  Falkland 
Plateau  resulted  in  the  juxtaposition  of  nanno¬ 
floras  of  radically  different  composition  on  the 
two  sides  of  the  plateau  during  the  late  Campan¬ 
ian  and  Maestrichtian. 

7.  Reasons  for  the  sharp  distinction  between 
high  and  lower  latitude  assemblages  can  only  be 
theorized.  The  definitive  explanation  awaits  ad¬ 
ditional  coring  on  the  northern  flank  of  the 
Falkland  Plateau.  However,  examination  of  the 
nannoflora  from  Islas  Orcadas  Core  07-75-44  sug¬ 
gests  that  the  distinctive  high  latitude  Campan¬ 
ian  and  Maestrichtian  nannoflora  arose  in  re¬ 
sponse  to  one  or  more  of  the  following  phenomena:, 
extremely  cold  surface  water,  reduced  salinity, 
or  abnormal  nutrient  levels. 
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Abstract.  The  structural  evolution  of  the  north¬ 
western  Iberian  margin  has  been  reconstructed 
from  the  results  of  IPOD  drill  site  398,  as  well 
as  from  numerous  dredgings  and  a  dense  network  of 
seismic  profiles. 

During  the  Mesozoic  the  margin  first  underwent 
two  consecutive  extensional  phases  interpreted  as 
tl e  result  of  two  episodes  of  rifting  in  the 
Atlantic.  Then  during  Eocene,  subsidence  was  in¬ 
terrupted  by  compression  and  related  deformation 
caused  by  subduction  of  oceanic  sea  floor  of  the 
Bay  of  Biscay  beneath  the  Iberian  Peninsula.  Pre¬ 
sent  day  marginal  banks  are  interpreted  as  blocks 
of  the  older  passive  margin  uplifted  during  early 
Tertiary  as  a  result  of  that  subduction.  Fault  es¬ 
carpments  provide  opportunities  to  sample  older 
sediments  and  basement  by  dredging. 

The  northwestern  Iberian  continental  margin  is 
morphologically  both  complex  and  anomalous  (fig. 

I  and  2).  The  emerged  province  of  Galicia  (Spain) 
is  bordered  to  the  West  by  a  narrow  (30-40  km) 
continental  shelf  adjacent  to  a  wide  and  deep(350 
km  long,  100  km  wide,  and  3  to  4  km  deep)  U-shaped 
trough.  Seaward,  a  series  of  marginal  plateaus 
forms  a  discontinuous  barrier  between  that  trough 
and  the  Iberian  abyssal  plain  (Laughton  et  al., 
1975;  Auxietre  and  Dunand,  1978).  These  plateaus 
are,  from  North  to  South  :  Galicia,  having  its 
top  at  -600  m  (2),  Vigo  (-2100  m) ,  Vasco  da  Gama 


(-1750  m),  and  Porto  (-2200  m) . 

The  origin  of  these  structures  has  been  inter¬ 
preted  in  two  different  manners.  According  to 
Montadert  et  al.  (1974),  they  consist  in  horsts 
formed  during  late  Jurassic  (?)-early  Cretaceous 
rifting,  in  connection  with  the  opening  of  the 
Atlantic  Ocean  between  Iberia  and  Newfoundland. 

For  Mauffret  et  al.  (1978),  however,  these  pla¬ 
teaus  have  appeared  only  during  Eocene  times,  fol¬ 
lowing  compression  and  deformation  of  the  margin. 
In  this  paper  we  shall  try  to  document  the  latter 
interpretation. 

Since  1974  the  Iberian  margin  off  Galicia  has 
been  extensively  studied  by  three  french  scienti¬ 
fic  teams  joining  into  the  "Groupe  Galice"  (3). 
Their  major  objective  was  to  prepare  the  leg  47b 
of  the  "Glomar  Challenger"  through  a  detailed  geo¬ 
logical  and  geophysical  reconnaissance  of  the 
area  selected  for  drilling  during  the  IPOD  pro¬ 
gram.  The  main  results  have  been  presented  collec¬ 
tively  (Groupe  Galice,  1978).  After  the  drilling 
at  site  398  (Ryan,  Sibuet  et  al.,  1976).  we  have 
collected  additional  data  in  the  same  area  during 
the  R/V  Jean  Charcot  cruise  "Hesperides  76".  New 
seismic  profiles  together  with  dredge  samples  ha¬ 
ve  provided  the  basis  for  improved  correlations 
between  drilling  results  and  the  stratigraphy  of 
the  sedimentary  basins  surrounding  the  site,  pre¬ 
viously  studied  by  Black  et  al.  (1974)  and  Duneu- 
ble  et  al.  (1976). 


(  )  Contribution  n°90  of  the  "Groupe  d'Etude  de 
la  Marge  Continentale"  (ERA  605)  of  Universite 
Pierre  et  Marie  Curie,  Park's. 

(  )  In  this  paper  we  make  a  distinction  between 
Galicia  Bank  (sencu  stricto)  with  its  top  at 
-600  r,  and  the  Galicia  Plateau  which  is  much 
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larger  and  includes  several  isolated  highs 
(the  Galicia  Bank  being  one  of  them). 

(J)  Centre  Oceanologique  de  Bretagne  (CNEXO) ; 
Groupe  d'Etude  de  la  Marge  Continentale 
(Universite  Pierre  et  Marie  Curie);  Institut 
Frangais  du  Petrole. 


Fig.  1.  General  location  of  the  region  studied  and  location  of  figures  2,  4,  5,  6,  8,  10  and  13. 
G  :  Galicia  Bank;  VG  :  Vasco  da  Gama  seamount;  V  :  Vigo  seamount;  F  :  Porto  seamount. 


I  -  Stratigraphy  and  sedimentary  evolution 
(tables  I  and  II). 

The  stratigraphy  has  been  studied  through  seis¬ 
mic  profiles  (fig. 3),  drilling  results  at  site 
398,  ar.d  numerous  dredgings  (fig. 4).  Seismic  pro¬ 
files  show  several  units  having  distinct  acoustic 
characters  and  often  separated  by  unconformities 
(table  I);  drilling  results  provide  the  basis  for 
correlation  between  these  units  and  the  litholo¬ 
gy;  finally  the  dre  Ige  samples  complete  the  pic¬ 
ture  in  particular  t,y  yielding  information  on  the 
older  (pre-Cretaceous)  formations  not  reached  by 
drilling.  The  dense  network  of  seismic  profiles 
(more  than  8000  km,  fig. 5)  allows  an  extension  of 
the  stratigraphic  results  throughout  the  entire 
area. 

I.  The  acoustic  basement  (table  il) ,  that  was 
probably  not  reached  by  drilling,  outcrops  along 
fault  escarpments  where  we  dredged  several  sam¬ 
ples.  West  of  Galicia  Bank,  it  consists  of  meta- 
morphic  and  plutonic  rocks  having  petrological 
characteristics  comparable  to  those  from  the  pre- 
Mesozoic  basement  of  the  Iberian  Meseta  (Capdevi- 
la,  personal  conmunication) .  On  the  flanks  of  Vi¬ 
go,  Porto,  and  Vasco  da  Gama  seamounts,  however, 
dredge  hauls  yielded  limestone  fragments,  dated 
late  Jurassic  to  early  Cretaceous  (mainly  Kimme- 
ridgian  through  Berriasian,  possibly  Valanginian 
in  some  cases) . 


These  limestones  show  two  different  facies  : 

a)  Some  rocks  consist  of  pelletoldal  to  peb¬ 
bly  limestone,  and  contain  various  assemblages  of 
benthic  foraminifera  and  calcareous  algae.  Al¬ 
though  faunal  assemblages  vary  from  one  sample  to 
the  other  they  all  indicate  the  same  sedimentary 
environment  :  shallow  water  calcareous  sedimenta¬ 
tion,  often  peri-reefal.  Some  might  even  suggest 
brackish  conditions. 

Identical  limestones  are  present  in  Portugal 
(Ramalho,  1971)  and  on  the  nor' hern  margin  of 
Iberia  (Boillot  et  al.,  1978).  They  have  also 
been  found  at  site  401  on  the  Armorican  margin 
(Montadert,  Roberts  et  al.,  1976). 

b)  Other  samples  consist  of  micritic  limesto¬ 
ne  rich  in  Calpionellids,  dated  late  Tithoniah  to 
Berriasian.  These  sediments  were  probably  deposi¬ 
ted  in  calm  environments  in  an  open  sea  having 
good  communication  with  the  Tethys  where  Calpio¬ 
nellids  originated  (Boillot  et  al. ,  1971a).  Some 
micvitic  fragments  have  been  found  intercalated 
between  reefal  limestones,  and  some  Calpionellids 
are  also  -resent  in  the  pebbly  limestones,  sugges¬ 
ting  that  locally  they  might  have  been  deposited 
in  relatively  shallow  water  conditions. 

2.  Cretaceous  and  Cenozolc  sediments  have  been 
sampled  by  drilling  and  correlation  between  li¬ 
thology  and  acoustic  stratigraphy  is  straightfor¬ 
ward  (table  I). 
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Fig.  2.  Bathymetry  of  the  continental  margin  North-West  of  the  Iberian  peninsula  (contours  drawn  in 
collaboration  with  J.-R.Vanney) ,  after  Berthois  et  al.  and  Laughton  et  al.,  corrected  and 
reinterpreted  with  additional  data  from  bathymetric  profiles  of  figure  5. 


Int  rvals  sampled  by  drilling  have  only  tarely  They  consist  of  marls  and  marly  chalks  containing 

been  leached  by  dredging.  Black  et  al.  (1964)  pelagic  microfauna  that  suggests  deep  sea  deposi- 

dredged  detrital  limestones,  rich  in  Orbitolinas,  tion  above  the  CCD.  Thus,  as  far  as  the  Cretace- 
probably  resedimented,  on  the  Galicia  Plateau.  ous  is  concerned,  the  redults  from  dredging  com- 

They  might  correspond  with  early  Cretaceous  sedi-  pare  rather  well  with  the  occurrence  of  calcareous 

ments  of  Unit  4  (table  I).  Upper  to  uppermost  Se-  pelagic  facies  in  the  uppermost  Senonian  interval 

nonian  rocks  (unit  2)  outcrop  on  both  Vigo  sea-  and  of  detrital  limestones  in  the  Neocomian-Aptian 

mount  and  Galicia  Plateau  (Black  et  al.,  1964;  layers  at  the  drill  site. 

Funnell  et  al,,  1969;  Dupeuble  et  al.,  1976).  Paleocenc  and  Ec..ene  facies,  however,  show  de- 
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Fig.  3.  Acciscic  stratigraphy  in  the  vicinity  of 
IPOD  Site  398.  Location  of  seismic  profile 
appears  on  figure  5.  Stratigraphy  of  the  sedi¬ 
ment  section  is  described  in  Table  I.  Units  3 
and  4  accumulated  in  a  half  graben.  F  fault  was 
reactivated  during  Tertiary. 


finite  locil  variations.  At  site  398  and  on  Vigo 
seamount  (L  258,  table  II),  sedimentation  during 
this  inteival  resembles  that  of  the  late  Creta¬ 
ceous.  Conversely,  a  neritic  limestone  rich  in 


—  #•»•«*«« 


Fig.  4.  Dredge  samples  from  the  northwestern  Ibe¬ 
rian  margin.  Four-digit  numbers  refer  to  sam¬ 
ples  described  by  Black  et  al.  (1964).  Numbers 
preceded  with  letters  A  and  L  refer  to  samples 
studied  by  Dupeuble  et  al.  (!976).  Sample  num¬ 
bers  preceded  with  letter  H  are  from  cruise 
"Hesperides  76".  Stratigraphic  information  from 
this  samples  is  summarized  in  Table  II. 


Hal irneda  and  dated  from  the  latest  Cretaceous  (' 
has  been  dredged  from  Galicia  Plateau  Hy  B‘nr'<  et 
ai .  (1964).  Eocene  tectonics  and  associate  :  pa- 
leogeographic  changes,  clearly  seer  on  seismic 
profiles  (§  IV.  1),  appear  also  veil  ■'ocumented  by 
the  rapid  shoaling  of  the  Galicia  Plateau  area 
toward  the  enc  of  the  Cretaceous  (')  as  interpre¬ 
ted  from  the  sediment  ry  record. 

The  influence  of  the  renewed  morphology  on  se*- 
dimentation  after  the  Eocene  could  not  be  studied 
because  of  the  scarcity  of  Oligocene  and  Neogene 
samples.  Pelagic  or  hemipelagic  conditions  seem 
to  have  prevailed  on  the  entire  margin  during  this 
interval. 

II  -  Structural  trends. 

Comparison  between  bathymetry  (fig. 2)  and  the 
schematic  structural  reconstruction  of  figure  6, 
shows  that  the  present  day  norphology  is  directly 
influenced  by  major  structural  trends.  Shallower 
areas  correspond  with  hoi its,  deeper  areas  with 
sedimentary  basins.  Faults  show  four  major  direc¬ 
tions  :  X  40°,  N  60°,  X  340°  and  X  360°.  The  first 
three  directions  are  also  apparent  on  satellite 
photographs  of  the  nearby  continental  area  (Biju- 
Duval  et  al. ,  1976;  fig. 7)  and  are  parallel  to  ma¬ 
jor  strike-slip  "tardihercynian"  faults  that  frag¬ 
mented  the  Iberian  Peninsula  at  the  end  of  the 
Paleozoic  (Parga,  1969;  Arthaud  and  Matte,  1975; 
fig. 7).  The  structure  of  the  margin  thus  appears 
to  be  inherited  from  that  of  its  pre-Mesozoic  ba¬ 
sement  where  major  faults  have  been  re-activated 
during  Mesozoic  and  Tertiary'  times  (Boillot  et 
al. ,  1974).  The  X  360°  faults  that  are  well  docu¬ 
mented  on  the  margin,  however,  are  barely  visible 
in  the  basement  of  Che  Iberian  Meseta  (fig. 7). 

They  might  correspond  with  early  to  middle  Creta¬ 
ceous  faults  contemporaneous  with  the  opening  of 
the  adjacent  Atlantic. 

III  -  Extension  tectonics  during  the  Mesozoic. 

1 .  First  rifting  phase.  Although  interpretation 
is  sometimes  difficult,  seismic  profiles  indicate 
locations  where  the  acoustic  basement  shows  clear 
diffraction  patterns  and  corresponds  with  pre- 
Mesozoic  basement  rocks  locally  covered  with  cal¬ 
careous  Jurassic  carbonates.  They  also  show  other 
areas  where  sedimentary  basins  of  late  Jurassic 
and  possibly  Triassic  age  are  probably  incorpora¬ 
ted  within  that  basement.  In  the  latter  case  more 


(*)  Age  assignment  is  based  on  species  determina¬ 
tion  of  Halimeda,  the  occurrence  of  rounded 
fragments  of  Rudistids,  and  on  a  comparison 
with  similar  facies  observed  in  some  Danian 
layers  form  the  Aquitaine  basin. 

(5)  Such  an  interpretation  shows  a  good  agreement 
with  other  data  from  Black  et  al.  (1964) 
(3808,  table  II)  who  found  on  Galicia  Plateau 
a  porous  and  deformed  limestone  with  rare  Eo¬ 
cene  nanr.ofossils  and  abundant  calcite  frag¬ 
ments  which,  according  to  the  description, 
could  be  fragments  of  Microcodium. 
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ACOUSTIC 

STRATIGRAPHY 


ACOUSTIC 

CHARACTER 


CORRELATION  WITH  DRILLING  RESULTS  FROM  SITE  398 
(Ryan,  Sibuet  et  al. ,  ! 976) 


Lithology 


Moderately  strati- 
la  fied  layers  with 
.  some  evidence  of 

r.it  •  reworking  by  bot- 

1b  tom  currents,  and 

progradation 


la  Holocene-late 
Miocene 

lb  Middle  Miocene- 
late  Eocene 


Turbidites,  contourites 
and  carbonate-poor 
heaipelagic  sediments 


Unit  2 


Unit  3 


Early  Eocene-late 

,,  ,,  „  . ,  Cenomanian 

Well  stratified 

series  (hiatus  from  mid- 

Cenonanian  through 
Santonian) 


Acoustically  I  Early  Cencmanian- 
transparent  layers  Albian 


Unit  4 


Aptian-Hauterivian 


Deep  sea  pelagic  sedi¬ 
ments  (zeolitic  brown 
clay)  with  evidence  of 
submarine  erosion  and 
hiatuses.  High  degree 
of  carbonate  dissolu¬ 
tion  except  during  a 
short  interval  dated 
latest  Cretaceous-early 
Eocene 

Black  clays  and  turbi¬ 
dites  rich  in  organic 
matter,  deposited  in  a 
deep  sea  environment 


Crlcareous  series 
including  resedimented 
ippermosr  Jurassic 
neritic  limestones 


Stratified  layers, 
often  showing 
"fan-shaped”  la¬ 
yering  that  sug¬ 
gests  synteetonic 
filling  of  gra- 
bens  and  half- 
g^abens 


Table  1.  Cretaceous  and  Cenozoic  sediment  section  on  the  northwestern  i‘;arian  margin  from  drilling  re¬ 
sult  at  site  398  and  seismic  reflexi''r.  profiles. 


or  less  -  ntir.uous  reflectors  are  visible  within 
the  basem,  ,-t,  together  with  diapiric  structures 
(Montadert  ut  al . ,  1974).  It  is  thus  possible  to 
delineate  hypothetical  contours  of  Mesozoic  (pre- 
Cretaceous)  sedimentary  basins  : 

-  a  first  trough  is  located  between  the  margi¬ 
nal  plateaus  and  the  coast  of  Iberia.  It  is  cha¬ 
racterized  by  a  thick  sediment  accumulation  and 
diapirs-  It  represents  probably  a  submarine  ex¬ 
tension  of  the  Lusitanian  Basin  where  diapirs 
correspond  with  evaporites  of  Triassic  and  Liassic 
age  (Zbyszewsky  and  Berreto  de  Faria,  1971); 

-  a  second  basin  apparently  lies  along  the 
western  flank  of  Galicia  Bank  (2)  and  Vasco  da 
Gama  seamount  as  suggested  by  deep  reflectors  wi¬ 
thin  acoustic  basement.  The  eastern  boundary  of 
this  basin  seems  to  come  closer  to  the  shore 
South  of  41®S  (fig. 8). 

During  Triassic  and  Liassic  times  a  major  exten- 
sional  tectonic  phase  preceded  the  separation  bet- 
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ween  the  American  and  the  African  plates.  This 
rifting  phase  affected  also  the  Canadian  margin 
(Amoco  and  Imperial,  1973;  Jansa  and  Wade,  1975). 
as  well  as  several  areas  around  the  North  Atlan¬ 
tic  and  in  particular  the  North  Sea,  the  English 
Channel  and  the  Aquitaine  Basin.  We  believe  that 
the  same  event  resulted  in  the  formation  of  a 
Triassic  continental  rift  at  the  site  of  the 
northwestern  Iberian  margin,  and  we  interpret  the 
tectonic  troughs  observed  to  the  East  and  tc  the 
West  of  the  prasent  day  marginal  banks  as  a  re¬ 
sult  of  the  formation  of  that  rift  (fig. 8).  Ocea¬ 
nic  crust  probably  did  not  form  at  the  time,  at 
least  North  of  (Le  Pichon  et  al.,  1277).  To 
the  South,  however,  the  western  trough  could  have 
evolved  into  a  narrow  accretion  zone  so  that  Ju¬ 
rassic  oceanic  crust  could  be  present  beneath  the 
Tagus  abyssal  plain  (Olivet,  i978;  Auxietre  and 
Dunand,  1978). 


. . . . iu,  i  u1.  *w  ■  .1  <u 
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Fig.  5.  Location  c.  seismic  profiles  used  for 
th  •  study  (data  from  Iustitut  Fran<;ais  du  Pe- 
tro^e,  Centre  Oceanologique  de  Bretagne,  and 
Universite  "ierre  et  Marie  Curie  of  Paris). 
Bold  lines  represent  profiles  of  figures  3,11, 
and  1 5 . 

2.  The  late  Liassic  and  Dogger  transgression. 

This  transgression  has  been  observed  on  the  con¬ 
tinental  shelf  and  in  the  Portugal  Basin.  It  pro¬ 
bably  results  frc  •  the  thermally  induced  detumes¬ 
cence  that  occurred  when  activity  within  the  rift 
died  (Baldy  et  al. ,  1977).  A  very  thi -k  sedimen¬ 

tary  section  then  accumulated  during  Jurassic  in 
the  Iberian  marginal  troughs  as  well  as  in  those 
of  the  Canadian  margin  (Gradstein  et  al.,  1977; 
Grant,  1977).  On  this  side  of  the  Atlantic,  this 
observation  is  documented  only  from  seismic  pro¬ 
files,  because  we  could  not  sample  rocks  corres¬ 
ponding  with  that  interval. 

3.  Second  rifting  phase.  On  the  continental 
shelf  .  ad  in  the  Portugal  Basin,  the  Callovian  is 
characterized  by  a  regression.  After  the  Oxfor¬ 
dian,  rapidly  subsiding  tectonic  troughs  were  in¬ 
vaded  by  the  sea.  A  generalized  regression  follo¬ 
wed  during  the  latest  Jurassic  (Wilson,  1975; 
Mou^enot,  1976).  In  the  deeper  parts  of  the  mar¬ 
gin,  the  pre-Cretaceous  acoustic  basement  (inclu¬ 
ding  late-Jurassic  -  earliest  Cretaceous  limesto¬ 
nes;  §  1.1)  broke  into  horsts  and  grabens  (or 
half-grabens) .  Tectonic  troughs  remained  active 
while  Neocomian  sediments  were  accumulating,  as 
evidenced  by  the  geometry  of  these  deposits  on 
seismic  profiles,  where  the  dip  of  the  sediment 


layers  is  seen  to  decrease  from  bottom  to  top 
(Groupe  Galice,  1978). 

This  activity  corresponds  to  a  second  rifting 
phase,  during  late  Jurassic  and  early  Cretaceous, 
affecting  the  Northwest  Iberian  margin  and  the 
adjacent  continent.  Such  a  rifting  phase  caused 
local  subsidence  within  the  tectonic  troughs,  as 
well  as  a  regional  uplift  accompanied  by  erosion 
of  emergent  areas.  Ancient  Triassic  fault  zones 
have  been  rejuvenated  at  that  time.  Galicia  Bank, 
which  was  probably  a  norst  during  Triassic  times 
(fig. 8),  was  then  uplifted  again  during  the  early 
Cretaceous,  as  suggested  by  the  direct  contact  bet¬ 
ween  upper  Cretaceous  sediments  and  the  underlying 
pre-Mesozoic  basement  of  the  bank  (fig. 9;  §  1.1). 
Generally,  however,  the  new  extensional  phase  is 
characterized  by  a  set  of  fractures  oriented  along 
a  direction  somewhat  different  from  that  of  the 
Triassic  faults. 

The  second  rifting  phase  lasted  at  least  from 
Oxfordian  to  the  end  of  Aptian.  On  the  margin  it¬ 
self,  however,  its  maximum  seems  to  have  occurred 
only  after  deposition  of  the  upper  Jurassic  and 
lowermost  Cretaceous  limestones,  as  these  show 
evidence  of  fracturation. 

The  tectonic  and  sedimentary  evolution  of  the 
Canadian  margin  appears  quite  similar  :  the  la¬ 
test  Jurassic,  in  particular,  is  characterized  by 
an  unconformity  showing  erosion  of  older  layers 
resulting  from  a  major  uplift  during  the  classi¬ 
cal  "late  Cimerian"  tectonic  phase  (Gradstein  et 
al. ,  1977;  Grant,  1977;  Jansa  and  Wade,  1975). 

4.  Subsidence  during  mid-to  late  Cretaceous. 

After  the  late  Jurassic-Neocomian  rifting  phase, 
the  actual  separation  of  the  Newfoundland-Grand 
Bank  area  from  the  margin  off  Galicia  probably 
occurred  during  Aptian  (Groupe  Galice,  1978;  Oli¬ 
vet,  1978).  The  regional  subsidence  became  very 
rapid  while  black  shales  were  filling  the  former 
grabens  and  sometimes  spilled  over  some  of  the 
horsts  (Groupe  Galice,  1978).  Finally,  during  the 
late  Cmtaceous  (while  Unit  2  was  being  deposited), 
most  late  Jurassic  and  Neocomian  structures  were 
blanketed  by  sediment.  Cenomanian  or  Senonian  la¬ 
yers,  for  example,  are  locally  found  directly 
over  the  pre-Mesozoic  basement.  This  is  observed 
on  the  Canadian  side  on  the  Avalon  high  and  the 
La  Have  platform  (Jansa  and  Wade,  1975)  as  well 
as  on  the  Galicia  Bank,  on  the  European  side.  Du¬ 
ring  the  same  time,  the  sea  spread  widely  over 
the  neighbouring  continent.  The  area  of  Galicia 
Plateau  and  Vigo  seamount  was  been  a  deep  and  mo¬ 
notonous  continental  rise,  covered  with  a  thin 
veneer  of  pelagic  sediment  (fig. 9),  while  the 
fast  drifting  of  Iberia  away  from  North  America 
(Hays  and  Pitman,  1973;  Hart,  1975)  favored  the 
onset  of  deep  w? ter  circulation  in  the  newly  for¬ 
med  oceanic  basin  (Rehault  and  Mauffret,  1978). 

IV  -  Compression  tectonics  duiing  Eocene. 

1 .  Galicia  Plateau. 

The  flanks  of  the  Galicia  Plateau  show  evidence 
of  a  major  tectonic  event  during  Eocene  times  : 
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FACIES  DESCRIPTION 


Marly  limestone  with  corals  filled  up  with  planktonics 
{Globorotalia  tmnoatulinoid.es) 

Marly  limestone  with  planktonic  assemblage  (Globorota- 
lia  truneatulinoides )  and  some  Pelecypod  and  Echinid 


Marls  with  Globorotalia  truncatulincvdes,  reworking 
older  planktonics  mainly  from  Paleocene  and  upper  Cre¬ 
taceous 

Marl  with  planktonic  assemblage  ( Praeorbulina ) 

Foraminiferal  limestone  and  ooze  (Black  et  al.,1964) 

Marl  with  planktonic  assemblage  :  Globigerinita  dissi- 
milis  and  Globigerina  ciperoensis) 


Porous  and  chalky  limestone,  with  itisaoaster  aster, 
Praarudosphaera  discula,  Coccolithus  eopelagicus  etc. 
and  little  fragments  of  calcite  crystal  (ft Sicrocodiwn ??) 
(Black  et  al.,  1964). 

Marl  with  planktonic  assemblage  :  Globorotalia  aequa , 
G.velascoensis 

Reworked  Globorotalia  pusilla  and  G.angulata  in  Pleis¬ 
tocene  marls  (see  Pleistocene). 

Coarse  detrital  limestone  with  rolled  fragments  of  Ru- 
dist  and  Halimeda  (Black  et  al.,  1964) 

Chalk  with  planctonic  assemblage  (Black  et  al..  1964: 
Funnell  et  al.,  1969). 

Reworked  Globotrunaana  and  Hcterohelicidae  in  Pleisto¬ 
cene  marls  (see  Pleistocene) 

Marls  more  or  less  indurated  with  Globotrunaana  area, 

G.  falsostuarti,  Racemigumbelina  fmetieosa 


Galicia  |  Marly  limestones  with  Globotrunaana  sp. 


Detrital  limestones  with  broken  Foramife'.*,  Molluscs, 
Calcareous  Algae  and  Orbitolina  (nrobabl  lisplaced) ’ 
(Black  et  al..  1964) 


Micritic  limestone  with  Calpionellids  (Calpionella 
alpina,  Tintinopsella  aarpathiaa) 

Micritic  limestones  with  Calpionellids  ( Calpionella 
alpina,  Crassicolaria  intermedia,  Tintinopsella  car- 
pathtca-longa 3  Crassicolaria  brevis) 

Fine  grained  to  pelletoidal  limestones  often  with  fre¬ 
quent  Algae  remains  such  as  Clypeina  jurassica,  Thau- 
matoporella  parvovesiauhfera,  Lithoeodim  aggretatum, 
Baccir.ella  irregularis  and  oncolits  of  Cyanophycea; 
Foraramifera  are  often  common:mainly  Trocholina  elon- 
gata,  Heotroeholina  sp.,  Pseudocyolammina  lituus, 
Pseudoaye lamina  parvula-ntuluahensis,Coniaospirillina 
baoiliensis,  Hautiloculina  oolitica  etc.  and  Milioli- 
dae 


Galicia  j  Metamorphic  and  magmatic  rocks 


ACE  AND 

PALEOENVIRONMENT 


Pleistocene ; 
probably  bathyal 
Pleistocene ; 
probably  bathyal 

Pleistocene; 

bathyal 

Lowe.  part  of  Middle 
Miocene;  bathyal 

Mid-Tertiary; 

bathyal 

Late  Oligocene; 
bathyal 


Middle  Eocene; 
very  shallow  water 
or  emersion  ?? 

Late  Paleocene; 
bathyal 

Middle  Paleocene; 
bathyal 

Danian? 
shallow  water 

Uppermost  Maestrich- 
tian;  bathyal 

Maestrichtian;  pro¬ 
bably  hathyal 

Maestrichtian; 

bathyal 

Senonian;  bathyal 


ACOUSTIC 

STRATIGR. 


Late, Early  Berriasian 
Pelagic  assemblage 

Late  Tithonian; 
Pelagic  assemblage 

Kimmeridgian  to  Ber- 
riasian  or  lower  Va- 
langinian; 

Shelf  environment  of¬ 
ten  peri-recifal 
Shallow  water. 


Ante-Mesozoic  base¬ 
ment 


TableflS'vf*o«CASrrPhiC  infortnations  £rora  dredge  samples  obtained  from  Galicia  Plateau,  and  Porto  V 
and  Vasco  da  Gama  seamounts.  Location  of  samples  appears  on  figure  4. 
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Fig.  6.  Schematic  structure  of  the  northwestern  Iberian  margin  (slightly  modified  after  Groupe  Galice, 
1978).  1  :  acoustic  basement;  2  :  Cenozoic  sediment  cover;  3  :  Cretaceous  and  Tertiary  sediment 

cover  (Galicia  Bank);  4  :  fault  and  flexure;  5  :  sedimentary  basin  axis;  6  :  structural  high 
axis. 


a)  To  the  North,  the  very  steep  slope  is 
oriented  E-W  (fig. 2).  It  turns  abruptly  toward 
the  SW  near  12°W  and  separates  in  two  branchs. 

The  westernmost  escarpment,  oriented  NE-SW,  beco¬ 
mes  regularly  more  gentle  when  approaching  the 
Iberian  abyssal  plain  (fig. 10).  Seismic  profiles 
show  that  the  fault  zone  that  corresponds  with 


the  escarpment  changes  laterally  to  the  South- 
West  to  a  mere  flexure  in  the  deeper  areas.  This 
flexure  is  seen  to  affect  the  upper  Cretaceous  - 
lower  Eocene  layers  (unit  2)  whereas  upper  Eocene' 
lower  Miocene  strata  seal  the  structure  (fig. 11). 
The  age  of  the  flexure  is  thus  believed  to  be  mid' 
die  Eocene  and  the  faults  that  extend  from  the 
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on  Che^argin^Hfrom^f iguce°5Sand^afor  Jhe  Jontinenta^Self  aft^Y’!?  continent-  <  Faults 
1976)  and  Lamboy  and  Dupeuble  (1975),  2*7  Orientation  e  !■  ®olllot  --C  al-  0973,  1975  and 

satellite  photographs,  after  Biju-Duval  et  al  (1976)  L/nTH”  tT®ads  on  the  continent  from 
the  box)  from  Arthaud  and  Matte  (1975)  a  £ard£hercynla"  strike-slip  faults  (in 

(subduction  t™Sfo„  is  Mi[iM  mlltat'oWI)!'1"*  '°“ne 


flexure  area  toward  the  North-East  are  probably 
of  the  same  age.  The  vertical  displacement  obser- 
i0n§  L  'e  faul£  scarPs  reaches  more  than 

upU£tedVhtLrhe  Galicja  PlaCGau  »ave  been 
uplifted  o.  that  amount  during  early  Cenozoic.  The 

same  conclusion  can  be  reached  by  observing  faults 
tive  displacement  during  the  Eocene  can  be  estima- 

IhfS^th  *■  ”th  "  d“"«“  PO- 

of  ,‘hl  A  obtained  by  miStati»g  ,„■« 

Of  the  seismic  profiles  (profiles  B  and  D,  fig.io- 
Groupe  Galice,  1978)  shows  that  the  Eocene  faults’ 
bordering  the  Galicia  Plateau  to  the  North-West 

mart’oeVTe  wfaUltS’  This  su^ests  that  the  defor¬ 
mation  of  the  margin  is  indeed  the  result  of  a 

wardPrtheT‘ih\effeC,:  °f  £ec£onics  increases  to- 
, rd  the  iJ°rth  where  the  escarpment  reaches  a  ma- 

r£  :fC  °T  5he  aby*sal  Plain-  I"  that  re¬ 
heat  nf V336  Sl°pe  is  characterized  by  a 

E  aL  F,  fig?"S?  dGf0nne<i  Sediment  (profiles 

structure0  ^liCir  Plate®U  £°day  shows  a  composite 
rine  -r  ”e  °f  £tS  elements  were  horsts  du- 

troughs  /  8  PhaSe3’  WhUeS  °£hers  were  active 
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n  i  •  ~-,ea^z  °£  12  W  and  South  of  43°N»  Galicia 

Bank  itself  (z)  consists  of  a  metamorphic  and 

cristall/ne  basement  covered  with  a  thin  layer  of 
upper  Cretaceous  sediment.  This  suggests  that  Eo¬ 
cene  tectonics  in  that  area  caused  uplifting  of  a 
Mesozoic  horst. 

.  ,  ”  between  Galicia  Bank  sensu  stricto,  un¬ 

derlain  by  continental  basement  (§  I.!),  and  Al- 
bian  oceanic  crust  to  the  West,  lies  a  "transition 
zone  .  That  area  corresponds  with  an  older  Trias- 
si.c  tectonic  trough  (fig. 8)  that  became  reactiva¬ 
ted  during  the  second  rifting  phase.  It  is  proba¬ 
bly  underlain  by  continental  crust  that  underwent 
considerable  thinning  during  the  two  consecutive 
excensional  phases.  South  of  42°20  (fig. 2),  the 
transition  zone  lies  beneath  the  abyssal  plain  and 
ts  as  deep  as  5000  m.  To  the  North-East  however, 
i  was  uplifted  during  the  Eocene  tectonic  phase, 
up  o  a  level  of  2000  m  below  sea  surface,  and  to- 
y  represents  the  northwestern  part  of  the  Gali- 
cia  Plateau.  During  this  movement  the  boundary 

mi the  oceanic  crusc  a«4  the  transition  zone 
might  have  acted  as  a  hinge-line. 

thin  /rea  that  W3S  uPlifted  during  the  Tertiary 
area «  o®  lu*  corr<>-sPond  '«th  the  cider  elevated 

n  the  contrary,  it  represents  a  newly  for- 


Fig.  8.  Schematic  distribution  of  lower  Mesozoic 
layers  (hatched  area)  North-West  of  the  Iberian 
peninsula  and  possible  configuration  of  Trias- 
sic  and  early  Liassic  continental  rifts,  lu¬ 
ring  these  times,  extension  appears  oriented 
along  a  NE-SW  direction. 

med  structure  erected  during  Eocene  from  the  upper 
Cretaceous  continental  rise  area  (fig. 9).  The  ero- 
sional  surface  that  truncates  Cretaceous  layers  on 
top  of  Galicia  Bank  suggests  that  it  was  emerged 
and  eroded  subaerially  during  Paleogene,  and  then 
subsided  down  to  its  present  depth  of  600  m. 

d)  In  the  transition  zone,  the  total  thickness 
of  unit  2  (upper  Cretaceous-lower  Eocene)  does  not 
show  appreciable  variation  in  relation  to  present 
day  water  depth  (fig.  12  B) .  This  implies  homogene¬ 
ous  conditions  of  sedimentation  and  thus  homogene¬ 
ous  water  depths  over  the  entire  area.  On  the  con¬ 
trary,  unit  1  (upper  Eocene-Recent)  increases 
abruptly  in  thickness  toward  the  North-West,  in 
the  uplifted  portion  of  the  transition  zone,  where 
the  water  depth  decreases  to  less  than  about  6000m 
(fig. 12  A).  Such  a  lateral  variation  can  be  ex¬ 
plained  by  the  difference  in  rates  of  accumalatior. 
above  and  below  the  CCD.  It  implies  however,  that 
the  present  day  relief  was  formed  after  deposition 
of  unit  2  and  before  that  of  unit  1 ,  that  is  du¬ 
ring  Eocene  time. 

The  above  four  independant  lines  of  evidence  de¬ 
monstrate  beyond  any  doubt  that  the  Galicia  Pla¬ 
teau  is  a  structural  high  of  Cenozoic  age  that 
consists  of  a  part  of  the  Cretaceous  margin,  uplif¬ 
ted  and  deformed  during  a  tectonic  event. 

2.  Vigo  seamount. 

This  seamount,  which  culminates  at  more  than 
1500  m  above  the  level  of  the  abyssal  plain  (fig. 


2),  is  in  fact  a  double  horst  (fig. 6).  The  acous¬ 
tic  basement  outcrops  along  escarpments  where  we 
dredged  upper  Jurassic  and  lowermost  Cretaceous 
rocks  (§  1.1).  In  the  central  area,  seismic  pro¬ 
files  show  the  accrt.ulation  of  thick  younger  sedi¬ 
ments  (fig. ! 3) . 

Comparison  between  the  "acoustic  stratigraphy" 
of  this  sediment  section  observed  on  the  top  of 
the  seamount  and  that  of  the  series  actually  sam¬ 
pled  by  drilling  at  site  398  (fig.  14),  located 
about  20  km  to  the  South,  reveals  striking  simila¬ 
rities  as  far  as  units  2,  3,  and  4  (Cretaceous) 
are  concerned.  Thicknesses  are  similar  and  acous¬ 
tic  facies  very  comparable.  This  is  particularly 
evident  for  unit  3,  identified  as  black  shales  at 
the  drill  site.  This  facies  consists  mainly  of 
turbidites  characterized  by  a  high  rate  of  deposi¬ 
tion  (Ryan,  Sibuet  et  al. ,  1976).  Unit  1  (upper 
Eocene-Holocene)  appears  different  in  that  it  is 
much  thicker  in  the  deeper  areas  (owing  to  fast 
deposition  of  hemipelagic  sediments)  than  on  the 
top  of  the  seamount.  If  the  relief  observed  toda> 
had  existed  prior  to  the  Eocene,  the  Cretaceous 
sediments,  and  especially  unit  3,  observed  to  con¬ 
sist  of  turbidites  at  the  drill  site,  would  neces¬ 
sarily  present  visible  differences  between  the 
deeper  margin  and  the  top  of  the  seamount  where 
only  a  thin  blanket  of  pelagic  sediment  would  have 
accumulated.  Therefore  we  conclude  that  Vigo  sea¬ 
mount,  like  Galicia  Bank,  is  a  horst  uplifted  du¬ 
ring  the  Tertiary  as  a  piece  of  the  Cretaceous 
continental  rise.  In  our  interpretation  the  per¬ 
ched  sedimentary  basin  on  top  of  Vigo  seamount  re¬ 
presents  an  older  graben  formed  during  late  Juras- 
sic-Neocoir.ian  and  then  uplifted  during  Eocene. 

The  difference  in  depth  between  the  Mesozoic  la¬ 
yers  from  the  seamount  and  those  from  the  adjacent 
abyssal  plain  suggests  a  vertical  displacement  of 
about  2000  m. 

Our  date  are  not  sufficient  to  discuss  the  age 
of  the  other  marginal  plateaus  (Vasco  da  Gama, 
Porto,  etc.).  We  consider,  however,  that  they  are 
equivalent  to  Galicia  and  Vigo  and  that  they  too 
result  from  a  Tertiary  uplift. 

3.  The  origin  of  the  Eocene  tectonics. 

The  margin  off  Galicia  is  not  the  only  part  of 
the  Iberian  margin  where  Eocene  tectonic  activity 
is  recorded.  During  the  latest  Cretaceous  and  the 
Eocene,  the  Iberian  and  European  plates  have  con¬ 
verged  during  a  short  period,  and  some  of  the 
oceanic  lithosphere  that  underlies  the  Bay  of  Bis¬ 
cay  has  been  subducted  beneath  the  Iberian  Penin¬ 
sula  (Sibuet  and  Le  Pichon,  1971).  As  a  result, 
the  entire  margin  off  northern  Spain,  including 
the  Pyrenean  chain,  the  Basco-Cantabrian  ranges, 
the  Le  Danois  Bank,  as  well  as  the  continental 
shelves  off  the  Basque,  Asturia,  and  Galicia  pro¬ 
vinces,  has  been  highly  deformed  (Boillot  et  al., 
1971b,  1973,  1977,  1978;  Montadert  et  al.,  1971, 
1974;  Lamboy  and  Dupeuble,  1975;  Lamboy,  1976). 

The  ancient  boundary  between  the  convergent  pla¬ 
tes  is  represented  by  the  northern  Spain  marginal 
trough,  where  the  pre-Oligocene  sediment  fill  is 
tectonically  deformed,  as  well  as  by  the  negative 
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Fig.  9.  Structural  evolution  of  Galicia  Plateau 
during  Cretaceous  and  Cenozoic.  Stratigraphy 
of  Units  1  through  4  is  described  in  Table  I. 

5  :  acoustic  basement  locally  including  Juras¬ 
sic  or  Triassic  sediments. 


gravity  anomalies  that  extend  toward  the  West  to 
the  North  of  the  Galicia  Plateau  (Groupe  Galice, 
1978).  This  allows  an  extension  of  the  interpreta¬ 
tion  proposed  by  Boillot  et  al.  (1973,  1978)  for 
the  evolution  of  the  Asturian  margin  to  the  region 
described  in  this  paper.  In  both  cases  the  stable 
Cretaceous  margin,  located  at  the  front  of  the 
overriding  plate,  has  been  shortened,  deformed, 
and  uplifted  during  Eocene  subduction.  This  sub- 
duction,  however,  seems  to  have  been  limited  both 
in  time  and  in  amplitude,  so  that  it  did  not  pro¬ 
duce  ocher  effects  such  as  magmatism  and  metamor¬ 
phism.  In  our  reconstruction  we  have  derived  the 
location  of  plate  boundaries  from  the  model  propo¬ 
sed  by  Le  Pichon  and  Sibuet  (1971),  modified  West 
of  Galicia.  This  model  implies  a  notion  of  Iberia 
in  a  northeasterly  direction  with  respect  to  a  fi¬ 
xed  European  plate  (fig. 7). 

If  our  interpretation  is  correct,  there  is  still 
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a  need  for  further  clarification.  While  Eocene 
subduction  can  rather  easily  explain  deformation 
in  the  Galicia  Plateau  area,  located  quite  close 
to  the  plate  boundary,  it  is  more  difficult,  ho¬ 
wever,  to  explain  how  the  effects  of  that  subduc¬ 
tion  have  caused  deformation  and  uplift  in  the 
Vigo,  Porto,  and  Vasco  da  Gama  areas,  located  mo¬ 
re  than  200  km  South  of  the  thrust  zone. 

V  -  Miocene  tectonics. 

Neogene  tectonic  events  have  been  recorded  to 
the  South-West  of  the  Iberian  Peninsula  (Olivet 
et  al.,  1976;  01i”et,  1978;  Bonnin,  1978),  and  on 
the  Portugal  continental  shelf  (Boillot  et  al., 
1975;  Baldy  et  al.,  1977).  Deformation  appears 
contemporaneous  with  a  compression  in  the  Betic 
chains. 

In  the  Galicia  and  Vigo  areas  the  amplitude  of 


A 


I'’’’g.  10.  Structure  of  the  northwestern  flank  of 
Galicia  Bank.  The  fault  bordering  Galicia  Bank 
becomes  more  subdued  toward  the  South-West,  and 
becomes  a  flexure  affecting  upper  Cretaceous 
layers  (Unit  2)  and  sealed  by  Eocene  -  mid- 
Miocene  sediments  (Unit  lb)  (fig. II).  (Strati¬ 
graphy  of  Units  1  through  4  is  described  in 
Table  I;  location  of  profiles  appears  on  figu¬ 
re  5)  . 

Neogene  tectonics  is  difficult  to  estimate.  At 
site  398  the  event  appears  to  correspond  with  a 
change  in  the  nature  of  sediments  and  to  the  oc¬ 
currence  of  hiatuses  (Rehault  and  Mauffret,  1978). 
Moreover,  on  seismic  profiles,  middle  Miocene  la¬ 
yers  locally  show  flexures  which  have  been  sealed 
by  overlying  upper  Miocene  sediments.  One  of  them 
can  be  followed  over  more  than  100  km  into  the 
Iberian  abyssal  plain  (fig. 6  and  15).  These  youn¬ 
ger  movements,  however,  have  apparently  been  much 
less  intense  than  the  Eocene  deformation. 

VI  -  Discussion  and  Conclusion. 

I.  The  entire  western  Iberian  margin  seems  to 
have  undergone  two  distinct  rifting  phases,  well 
recorded  West  of  Galicia. 


The  first  phase,  during  Triassic-early  Liassic, 
probably  predates  the  Jurassic  opening  of  the  Cen¬ 
tral  Atlantic  (Dewey  et  al . ,  1973).  Apparently  no 
oceanic  crust  was  formed  during  that  time  North 
of  4l°N,  between  Newfoundland  and  Galicia  or  in 
the  Bay  of  Biscay.  The  result  of  the  extension  was 
therefore  probably  limited  to  the  formation  of  a 
network  of  continental  rifts,  characterized  by 
tectonic  troughs.  Epicontinental  sedimentary  ba¬ 
sins  that  spread  widely  during  the  middle  Jurassic 
lie  probably  over  these  buried  continental  rifts 
that  became  inactive  and  subsided. 

The  second  rifting  phase,  during  late  Jurassic- 
early  Cretaceous,  preludes  to  the  opening  of  the 
Bay  of  Biscay  and  of  the  Atlantic  Ocean  between 
North  America  and  Iberia,  that  probably  became  ef¬ 
fective  during  Aptian  in  the  area  under  study. 

The  new  rift  system  may  have  formed  in  the  same 
location  as  the  older  one,  at  that  time  an  epi¬ 
continental  domain.  This  seems  to  be  the  case  for 
the  Armorican  margin  where  rifting  occurred  be¬ 
neath  the  sea,  without  any  subaerial  erosion  (Mon- 
tadert  et  al.,  1976). 

The  chronological  evolution  of  the  rifting  epi¬ 
sodes  appears  rather  well  established.  The  kinema¬ 
tics,  however,  still  pose  some  difficult  problems. 
Off  Galicia,  transverse  faulting  hence  extension 
that  affected  the  tectonic  troughs  during  Triassic 
-Liassic  times  appears  oriented  along  a  N  60°  di¬ 
rection  (fig. 7).  According  to  Boillot  et  al. ( 1974, 
1975),  the  same  direction  prevails  during  the 
early  Cretaceous  phase,  whereas  Le  Pichon  et  al. 
(1977),  and  Auxietre  and  Dunand  (1978)  propose  an 
orientation  at  exactly  90°  from  that  direction 
(N  320°). 

2.  Reconstructing  the  Eocene  motion  of  the  Ibe¬ 
rian  plate  with  respect  to  Europe  is  also  a  diffi¬ 
cult  exercise.  We  have  adopted,  with  minor  modifi¬ 
cation,  the  model  proposed  by  Le  Pichon  and  Sibuet 
(1971)  in  which  the  displacement  of  the  Iberian 
Peninsula  is  toward  the  North-East.  This  model  im¬ 
plies  that  the  boundary  between  converging  places 
had  to  extend  to  the  West  all  the  way  to  King’s 
Trough,  and  Peake  and  Freen  Deeps.  These  features 
would  be  the  remnants  of  an  older  intra-oceanic 
subductlon  zone.  But  such  an  interpretation  re¬ 
mains  controversial  (Searle  and  Whitmarsh,  1978; 
Olivet,  1978). 

In  any  case,  a  strong  compression  occurred  du¬ 
ring  Eocene  to  the  North  and  North-West  of  Spain. 
With  the  Paleogene,  the  passive  margin  of  the  Ibe¬ 
rian  Peninsula  became  deformed  in  connection  with 
the  subduction  of  oceanic  crust  of  the  Bay  of  Bis¬ 
cay  toward  the  South.  Pre-existing  structures  be¬ 
came  rejuvenated  at  that  time  and  both  the  pre- 
Mesozoic  basement  and  its  Mesozoic  sediment  cover 
underwent  considerable  uplift  leading  to  the  for¬ 
mation  of  the  present  day  marginal  plateaus,  in¬ 
terpreted  here  as  Tertiary  structures  rather  than 
horsts  inherited  from  Mesozoic  rifting  phases. 

One  of  the  most  spectacular  consequences  of  the 
early  Tertiary  tectonic  event  has  been  to  bring 
old  layers,  previously  deeply  buried  beneath  more 
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Fig. 11.  Deformation  of  the  margin  during  Eocene. 
A  flexure  affect  Unit  2  (upper  Cretaceous)  and 
is  sealed  by  Unit  lb  (Eocene  -  mid-Miocene) . 
Stratigraphy  of  Units  1  through  3  is  described 
in  Table  I;  location  of  profiles  appears  on 
figure  5. 
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Fig. 13.  Tectonic  and  sedimentary  evolution  of  Vi¬ 
go  seamound  and  site  398  area.  (Stratigraphy  of 
Units  I  through  4  is  described  in  Table  I) .  5  : 
acoustic  basement,  including  some  Jurassic  se¬ 
diments. 


;.12.  Sediment  thicknesses  (vertical  axis)  West 
of  Galicia  Bank  in  relation  to  present  day  wa¬ 
ter  depth  (horizontal  axis).  A  :  thickness  of 
Unit  1  (Cenozoic) ;  B  :  thickness  of  Unit  2 
(upper  Cretaceous-lower  Eocene) . 
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Fig. 14.  Comparison  between  acoustic  stratigraphy 
at  the  top  of  Vigo  seamount  (after  Montadert 
ct  al.,  1974)  and  at  site  398  (after  Groups 
Galice,  1978;  to  the  left  :  without  processing; 
to  the  right  :  with  processing) .  (Stratigraphy 
of  Units  1  through  4  is  described  in  Table  I). 


recent  sediments,  to  the  sea  floor  along  fault 
escarpments.  As  a  result  we  could  sample  by  dred¬ 
ging  upper  Jurassic  layers  and  pre-Mesozoic  base¬ 
ment  rocks  that  could  not  be  reached  by  drilling 
at  site  398. 
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Fig* 15.  Effects  of  Miocene  tectonics.  Unit  lb  (Eocene  —  mid— Miocene)  has  been  deformed  and  is  uncom— 
formably  overlain  by  Unit  la  (upper  Miocene-Holocene) .  (Stratigraphy  of  Units  I  through  4  is  des¬ 
cribed  in  Table  I;  location  of  profile  appears  on  figure  5). 
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Abstract.  From  geophysical  data  and  DSDP  dril¬ 
ling  results  (Legs  47B  and  48)  in  -he  NE  Atlantic 
(Galicia-Portugal  and  Northern  Bay  of  Biscay),  a 
model  for  rifting,  attenuation  ?nd  subsidence  of  a 
passive  continental  margin  is  proposed. 

Introduction 

The  northern  margin  of  the  Bay  of  Biscay  and 
the  Galicia  marginal  plateau  were  selected  for 
drilling  during  I.P.O.D.,  because  they  offer  one 
of  the  unique  areas  in  the  Atlantic  Ocean,  where 
drilling  could  reach  easily  layers  deposited  during 
the  early  stages  of  the  evolution  of  a  passive  con¬ 
tinental  margin.  The  four  sites  drilled,  398,  400, 
401,  402  did  not  attain  all  the  objectives  ;  never¬ 
theless,  complemented  by  intensive  multichannel 
seismic  reflection  profiling  and  dredgings,  they  al¬ 
low  us  to  propose  a  model  of  evolution  of  a  passive 
continental  margin.  The  geological  structure  of 
this  part  of  the  N.E.  Atlantic  and  of  their  conti¬ 
nental  margins  is  complex  because  it  results  not 
only  from  rifting  and  drifting  of  Europe,  Iberia 
and  North  America,  but  also  from  convergence  bet¬ 
ween  Europe,  Iberia  and  Africa.  The  age  and  kine¬ 
matics  of  the  opening  of  the  Bay  of  Biscay  is 
still  matter  of  controversy.  If  one  accepts  iden¬ 
tification  of  anomalies  33  -  34  following  CANDE 
et  al  (1977),  the  creation  of  Oceanic  Crust  in 
Biscay  finished  before  anomalies  33  -  34  or  even¬ 
tually  terminated  just  after,  if  these  anomalies 
are  also  recognized  in  the  axis  of  the  Bay  (triple 
junction  during  anomalies  33  -  34,  Williams,  1975). 
The  beginning  of  accretion  is  most  probably  intra 
Aptian  (see  Section  III).  One  must  thus  distinguish 
(MONTADERT  et  al,  1974)  the  western  part  of  Galicir 
Bank  area  and  the  Northern  Bay  of  Biscay  margin 
with  its  onshore  prolongation  in  the  Aquitaine  ba¬ 
sin  which  remained  essentially  stable  during  their 
entire  history,  and  the  North  Spanish  margin  inclu- 
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ding  the  northern  part  of  Galicia  bank  which  was 
active  almost  since  the  opening  of  the  Bay  of  Biscay 
(Cenomanian  movements  recorded  in  the  Pyrenees)  and 
at  least  until  the  Eocene-Oligocene. 

Bathymetry  of  the  part  of  the  Northeast  Atlantic 
considered  in  this  paper  shows  clearly  different 
provinces  (fig.  1,  2)  (BERTHOIS  et  al  1966,  1568)  : 

1 .  From  Nazare  canyon  to  the  latitude  of  Porto 
offshore  from  the  Portugal  sedimentary  basin,  the 
continental  shelf  40  to  50  km  wide  is  linked  to 
the  Iberian  Abyssal  Plain  by  a  relative  I v  narrow 
continental  slope. 

2.  Farther  North,  all  the  way  to  Cape  Finisterre, 
the  continental  shelf  is  about  30  km  wide  and  is 
bounded  in  the  East  by  the  Hercynian  basement  of 
Galicia.  In  the  West  as  opposed  to  the  preceeding 
zone,  it  is  prolonged  for  nearly  200  km  by  a  mar¬ 
ginal  plateau.  This  plateau  comprises  the  large 
Galicia  Bank  whose  top  is  600  m  deep,  and  several 
other  seamounts  (  'Igo,  Vasco  de  Gama)  ;  it  is  sepa¬ 
rated  from  the  shelf  by  an  Interior  Basin  running 
in  a  North-South  direction  from  the  Biscay  Abyssal 
Plain  to  Porto  Seamount.  DSDP  site  398  is  located 
20  km  to  the  South  of  Vigo  Seamount  (fig. J , 2) . 

3.  The  northern  steep  margin  of  Spain  which  had 
been  strongly  affected  by  the  Pyrenean  orogeny. 

4.  The  Armorican  margin  from  Aquitaine  to  the 
western  Approaches  basin  is  narrow  and  steep  and 
bounded  to  the  west  by  the  deep  and  thick  Mesozolc- 
Cenozolc  Armorican  marginal  basin.  It  corresponds 
on  the  shelf  to  a  Hercynian  basement  covered  by  a 
thin  wedge  of  sediments. 

5.  The  Western  Approaches  margin  is  broader 
with  several  large  topographic  features  e.g.  the 
Meriadzek  Terrace,  the  Trevelyan  escarpment,  the 
Shamrock  Canyon.  It  intersects  the  NE-SW  Western 
Approaches  Mesozoic-Cenozoic  basin  on  the  shelf. 

Its  SE  boundary  with  the  Armorican  margin  is  very 
sharp  near  the  Black  Mud  Canyon  and  is  controlled 
by  a  NE-SW  fault  zone  known  also  on  the  shelf. 


channel  seismic  reflection  survey  (MONTADERT  et  al., 
1974).  For  the  leg  47B  (Groupe  Galice,  in  press), 
CtJEXO-lFP  shot  2600  km  of  additional  multichannel 
seismis  reflection  profiles  while  CNEXO  and  Univer¬ 
sity  of  Paris  (Laboratoire  de  Geologie  Dynamique) 
carried  out  several  cruises  with  single  channel 
seismic  reflection  profiling  (5800  km)  and  nume¬ 
rous  dredgings.  In  northern  Biscay,  single  channel 
profiles  (STRIDE  et  al  1968,  DINGLE  and  SCRUTTON 
1977,  C.O.B.  unpublished  profiles)  and  multi¬ 
channel  profiles  (MONTADERT  et  al.  1971,  1974) 
have  shown  the  existence  of  horst  and  graben  struc¬ 
tures  and  of  Cenozoic  and  Mesozoic  sediments.  To 
prepare  Leg  48  drilling  sites,  .'ranch  institu¬ 
tions  (Institut  Franqais  du  Petrole,  CNEXO,  CEPM) 
made  3600  km  of  multichannel  seismic  profiles. 

After  the  Leg,  these  institutions  carried  out  a 
new  survey  with  1300  km  of  multichannel  seismic 
profiles  completed  by  high  resolution  multichannel 
seismic  on  the  three  sites.  The  Institut  of  Ocea¬ 
nographic  Sciences  (U.K.)  made  also  about  2000  kras 
of  multichannel  seismic  profiles  in  this  area. 

Stratigraphy 

This  section  will  be  devoted  mainly  to  the 
seismic  stratigraphy  calibrated  by  boreholes  and 
dredge  data. 

Acoustic  stratigraphy  (Fig.  3  and  4) 

The  seismic  sections  show  in  most  cases  4  main 
sedimentary  units  over  an  acoustic  basement. 

Acoustic  basement.  The  "basement"  is  distin¬ 
guished  from  overlying  sediments  either  by  its 
diffractive  character  or  by  dipping  reflectors. 
Folding  is  present  locally  (Devonian,  Carboni¬ 
ferous  ?).  A  strong  reflector  defines  the  basement 
surface  and  is  characterized  by  a  strong  relief 
consisting  of  sharp  crests,  undulations,  flat  hori¬ 
zontal  surfaces  that  comprise  the  buried  relief 
(fig.  3,  4).  The  basement  itself  appears  to  be 
divided  by  faults  into  blocks  (horst*  and  half 
grabens)  of  different  heights,  very  frequently 
tilted  along  rotational  faults  (fig.  5).  Where  the 
"basement"  is  also  composed  of  sedimentary  rocks, 
their  thickness  may  reach  two  seconds,  or  more 
than  3  kilometers  assuming  a  mean  sound  velocity 
of  3,5  km/sec  (fig.  5).  In  the  Galicia  area,  where 
the  acoustic  basement  is  of  sedimentary  nature, 
it  seems  generally  not  so  well  layered  (fig.  8) 
as  in  the  upper  part  of  the  Biscay  margin.  The 
dips  and  faults  show  that  it  was  fractured  and 
displaced  prior  to  the  deposition  of  most  of  the 
overlying  sedimentary  cover. 

Formation  4  (fig.  3,  4,  5,  6).  Formation  4,  which 
is  a  moderately  to  strongly  layered  formation,  is 
separated  from  the  overlying  formation  3  by  a  strong 
reflector.  Formation  4  lies  in  troughs  between 
horsts  and  tilted  blocks.  Layering  is  quite  confor¬ 
mable  at  the  base  with  the  top  of  the  basement  in 
the  lowest  part  of  the  fills  and  at  the  top  can  be 
almost  flat.  This  indicates  that  sedimentation 
occurred  as  basement  blocks  were  being  tilted. 


Formation  3  (fig.  3,  4,  6).  Formation  3  is  in 
most  cases  transparent  or  slightly  layered.  It 
is  thickest  in  the  deep  troughs  between  large  til¬ 
ted  blocks  (e.g.  800  m  in  Meriadzek)  (fig.  6)  but 
in  the  abyssal  plain  it  appears  as  a  thin  conti¬ 
nuous  layer  (about  200  m  thick)  overlying  Forma¬ 
tion  4  (fig.  7).  Bedding  may  be  slightly  inclined 
in  troughs  and  basins  but  dips  are  much  less  than 
in  Formation  4.  In  general,  the  Formation  appears 
to  be  absent  on  the  structura  highs,  and  its 
upper  boundary  lies  well  below  the  highs  ;  however 
very  condensed  equivalents  may  be  present  on  some 
high  points  (site  401).  Deposition  of  Formation  3 
infilled  the  depressions  between  the  fault  blocks 
resulting  in  a  subdued  but  not  totally  buried  topo¬ 
graphy.  Dips  within  Formation  3  between  tilted 
blocks  reflects  only  differential  compaction.  In 
contrast  to  Formation  4,  deposition  took  place 
after  the  basement  had  ceased  to  move  actively. 

Formation  2  (fig.  3,  5,  6,  7).  The  sequence 

above  Formation  3  consists  in  several  strong 
reflectors  separated  by  finely  layered  strata.  It 
cannot  be  considered  as  a  single  unit  since  a 
structural  or  erosional  unconformity  frequently 
occurs  within  the  sequence.  Its  lower  part  has 
been  called  Formation  2  and  is  distinguished  easi¬ 
ly  from  the  upper  part  called  Formation  lb  where 
these  two  units  are  unconformable  (fig.  8).  Else¬ 
where,  the  units  are  identified  only  on  the  basis 
of  layer-to-layer  correlation.  Generally  Forma¬ 
tion  2  contains  more  reflectors  than  lb,  except 
in  areas  of  thick  distal  deposition  (the  abyssal 
plain),  where  it  may  be  the  contrary.  It  should 
be  noted  that  Formation  2  is  layered  in  most 
areas.  In  these  cases  where  post-rift  deformation 
is  observed.  Formation  2  is  always  affected  but 
not  lb.  Thickness  of  Formation  2  is  between  200 
to  800  meters  thick,  reaching  its  maximum  beneath 
the  abyssal  plain  but  it  may  be  condensed  into 
a  single  reflector.  On  Biscay  margin  (Meriadzek 
Terrace) ,  it  may  be  completly  eroded  (fig,  6) . 

Formation  1 .  Formation  1  is  the  most  recently 
deposited  sequence  and  is  weakly  layered.  Often, 
it  can  be  divided  into  two  members,  la  and  lb, 
the  latter  one  being  more  intensely  layered.  If 
high  resolution  seismic  profiles  are  considered, 
a  higher  member  of  subunits  can  be  locally  distin¬ 
guished  but  their  correlation  throughout  the  area 
is  very  difficult.  The  lower  member  lb  is  often 
unconformable  on  rormation  2,  but  may  be  confor¬ 
mable  over  large  areas.  Member  la  is  almost  every¬ 
where  conformable  with-  lb.  The  whole  Formation  1 
is  600  to  900  meters  thick,  and  its  thickness  is 
greatest  beneath  the  abyssal  plain  and  the 
Continental  slope  (1200  to  1400  m) .  This  forma¬ 
tion  is  characterized  by  large  scale  sedimentary 
features. 

Correlation  of  formations  with  the  lithological 
units  of  the  holes 

Detailed  correlations  between  seismic  -units 
and  major  lithologic  changes  on  the  holes  are 
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Fig.  7.  Acoustic  stratigraphy  on  the  lower  slopes  of  N.  Biscay  margin. 


always  one  of  the  major  problems  for  extending 
regionally  results  of  DSD?  holes.  At  site  398, 
correlations  have  been  improved  by  confutation 
of  synthetic  seismogram,  using  acoustic  impedance 
values  deduced  from  core  measurements  and  compu¬ 
tation  of  acoustic  impedance  pseudologs 
(BOUQUIGNY  and  VILLM,  in  press).  In  3iscay, 
density  and  velocity  logging  obtained  in  holes  401 
and  402  permit  a  good  correlation,  especially 
because  high  resolution  seismic  reflection  profi¬ 
ling  have  been  carried  out  or.  the  sites  after  leg 
46.  (Site  chapters  401,  402,  leg  48,  in  press).  A 
summary  of  these  correlations  is  given  below  : 

Hole  398  (fig.  8)  (Site  chapter  398,  leg  475, 
in  press,  Groupe  Galice,  in  press).  Acoustic 
formation  I  is  of  Oligocene  age  to  present  and  is 
essentially  constituted  by  nanno  ooze  and  chalk. 
Acoustic  formation  2  corresponds  to  Senonian  to 
Upper  Eocene,  it  consists  of  two  main  lithological 
units  :  broim  marly  nanno  chalk,  calcareous  mudstone, 
claystone  and  siliceous  mudstone  in  the  lower  part 
which  underlies  siliceous  marly  nannochalk  and  mud¬ 
stone  interbedded  with  turbiditic  sand-si lt-marl 
sequences.  Acoustic  formation  3  corresponds  to 
Lower  Albian  to  Middle  Cenomanian.  At  its  base, 

Lower  to  Middle  Albian  laminated  dark  shales  mostly 
of  continental  provenance  are  followed  by  inter¬ 
bedded  dark  shales  and  marlstones  from  Middle  to 
Late  Albian  and  by  Late  Albian  to  Middle  Cenomanian 
redeposited  marl  and  chalk  of  pelagic  origin. 

Acoustic  formation  4  corresponds  to  Late  Barremian 
to  Uppermost  Aptian.  It  is  constituted  of  sand- 
silt-clay  graded  sequences  interbedded  with  thick 
(1  to  10  m)  slumped  beds  of  debris  flows.  A  stra- 
tigraphical  break  exists  in  the  Uppermost  Aptian 
and  corresponds  both  to  a  sharp  lithological 
change  and  to  a  major  reflector  between  formations 
4  and  3.  The  acoustic  basement  is  clearly  of  sedi¬ 
mentary  origin  on  this  profile.  It  is  highly 
diffractive  in  most  places  and  shows  strong  reliefs 
either  as  broad  undulations  or  as  sharp  crests 
corresponding  to  buried  highs.  At  hole  398,  it 
consists  of  marlstone,  siltstone  and  white  indu¬ 
rated  lire  stone  o'  -ate  hauteriviar.  to  early 
Barremian  age. 

Holes  400  -  400a  (fig.  5)  (400,  Site  Chapter, 
leg  48,  in  press).  Formation  la  corresponds  to 
Quaternary,  Pliocene  and  Upper-Middle  Miocene 
oozes  and  chalk,  lb  is  the  underlying  layered 
sequence  whose  base  is  the  Oligocene/middle  Eocene 
hiatus.  This  sequence  is  composed  of  an  upper 
slightly  layered  member  and  a  lower  more  strongly 
stratified  member  and  corresponds  to  lower  Miocene, 
Oligocene  oozes,  nannofossils  chalks  and  marly 
chalks  with  mudstone  layers.  Although  well  defined 
in  the  Site  400  area,  this  sequence  is  not  easily 
correlated  far  from  the  hole,  because  it  is  very 
similar  in  appearance  to  Formation  2  and  the  boun¬ 
dary  between  the  two  Formations  may  be  not  clear 
where  the  formations  are  conformable.  In  some 
cases.  Formations  lb  and  2  have  not  been  distin¬ 
guished.  Formation  2  corresponds  in  the  hole  to 
the  sequence  defined  at  the  top  by  the  Oligocene/ 
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middle  Eocene  hiatus  and  its  base  by  the  Upper/ 
Lower  Cretaceous  hiatus.  This  sequence  is  compo¬ 
sed  of  alternating  marly  chalks  and  mudstones. 
Formation  3  was  drilled  in  part  and  is  composed 
of  carbonaceous  mudstones,  marly  chalks  and  limy 
claystones  of  Albian  to  Aptian  age.  This  sequence 
is  correlated  with  all  the  transparent  or  slightly 
layered  sequences  underlying  Formation  2  observed 
on  the  profiles  at  depths  below  two  and  hair 
seconds  beneath  sea  level.  In  many  places,  these 
layers  are  characterized  by  low  interval  velocity 
although  this  is  not  the  case  at  Site  400.  Forma¬ 
tion  4  was  not  reached  and  is  assumed  to  be  of 
pre-Aptian  Early  Cretaceous  age. 

Hole  401  (fig.  9)  (401  Site  Chapter,  leg  48, 
in  press).  Formation  1  was  partly  drilled  and 
corresponds  with  the  Quarternary  to  Oligocene 
sequence.  The  top  of  Formation  2  has  been  cor¬ 
related  with  the  Late  Eocene  unconformity 
(Reflector  1  in  the  hole)  that  is  clearly  seen 
in  the  right  part  of  the  profile  in  fig.  9. 
Formation  2  is  composed  of  siliceous  nannochalk 
and  marly  nannochalk  of  Middle  Eocene  to  late 
Cretaceous  age.  Formation  3  is  not  visible  on 
the  profiles  near  site  401,  where  very  thin 
Upper  Aptian  chalks  were  drilled.  It  is  well 
developped  to  the  North  of  the  site  where  it 
is  characterized  as  elsewhere  by  weak  layering 
and  low  sound  velocity.  The  acoustic  basement 
drilled  at  hole  401  consists  of  Late  Jurassic 
to  possible  lowermost  Cretaceous  shelf  bioclas- 
tic  limestones. 

Hole  402  (fig.  10)  (402  Site  Chapter,  leg  48, 
in  press).  The  upper  formation  1  is  constituted 
by  Quaternary  muds  and  oozes  with  ice-rafted 
pebbles.  Neogene  is  very  reduced.  The  layered 
sequence  (formation  2)  comprises  late  Eocene 
oozes  and  Middle  Eocene  siliceous  nanno  chalks 
and  limestones,  above  a  series  of  carbonaceous 
calcareous  mudstones,  and  limestones  of  Albian 
and  Aptian  age  (formation  3).  The  top  of  the  almost 
transparent  lower  formation  4  has  probably  been 
attained  (lower  Aptian  Nannoconus  limestone).  It 
must  represent  essentially  pre-Aptian  Early  Creta¬ 
ceous  sediments  contemporaneous  with  the  rifting. 
The  acoustic  basement  is  interpreted  as  pre-rifting 
Mesozoic  platform  carbonates. 

The  stratigraphic  controls  provided  by  dredgings 
will  be  discussed  later  but  generally  support  the 
seismic  interpretation. 

The  main  unconformities 

Several  unconformities  are  observed  on  the 
North  Biscay  and  Galicia  continental  margins. 

Some  are  related  to  tectonic  movements,  others 
to  paleo-oceanographic  events. 

The  first  unconformity  of  structural  origin 
separates  the  post-riftirg  sediments  (formation  3) 
from  the  underlying  sediments  (formation  4  or 
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Fig.  9.  Acoustic  stratigraphy  on  N.  Biscay  margin  through  si  tv  401. 


Salsmic  profile  OC  301  migrated  1  to  4:  Formation  number 
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acoustic  basement)  which  were  affected  by  rift 
tectonics.  Since  the  paleotopography  created  by 
rifting  was  very  pronounced  (fig.  3,  4)  and  the 
post-rift  sediments  are  very  thir.,  every  situa¬ 
tion  is  present  from  no  visible  unconformity  in  a 
half  graben  to  non  deposition  of  post-rifting 
sediments  on  the  crest  of  a  tilted  block  ;  fault 
block  crests  even  outcrop  on  t^e  sea  bottom. 

However  beneath  large  parts  of  the  margin,  the 
change  in  regime  from  rifting  to  subsidence 
occurred  in  deep  waters  so  that  deep  syn-rift 
sediments  grade  without  interruption  to  deep 
post-rift  sediments  in  half  grabens.  In  these 
cases  one  cannot  observe  a  continuous  break-up 
unconformity. 

Another  unconformity  of  structural  origin  is 
observed  locally  in  areas  which  were  affected  by 
late  Eocene  compressional  movements.  This  is  par¬ 
ticularly  clear  along  the  Trevelyan  escarpment 
which  was  largely  created  at  that  time  and  along 
the  northern  flank  of  Galicia  Bank  (see  last 
section) . 

Another  unconformity  separates  the  upper 
Cretaneous  chalks  from  the  Aptian-Albian  "black 
shales".  A  large  hiatus  of  Cenomanian  to  Santonian 
age  in  Biscay  and  of  Mid  Cenomanian  to  early 
Sencnian  in  Galicia  separates  the  two  formations 
(389  Site  chapter,  leg  47B,  in  press).  The  uncon¬ 
formity  is  emphasized  by  the  change  of  seismic 
facies  between  the  transparent  formation  3  and 
the  strongly  layered  formation  2.  Angular  trunca¬ 
tion  of  the  black  shales  below  formation  2  at  the 
unconformity  is  due  to  differential  compaction  of 
the  black  shales  in  the  half  graben  during  a 
period  of  non  deposition  and  bottom  current  acti¬ 
vity.  This  hiatus  is  known  in  many  parts  of  the 
Atlantic  and  is  due  to  a  major  paleo-oceanographic 
event  synchronous  with  the  global  Cenomanian- 
Turonian  transgression. 

Between  Formation  2  (Upper  Cretaceous  to  late 
Eocene)  and  Formation  I ,  an  unconformity  is  also 
often  visible  and  associated  with  strong  erosion 
(fig.  6,  9).  This  event  which  occurred  between 
the  Late  Eocene  and  Oligocene  has  not  been  dated 
with  great  precision,  but  it  clearly  post  dates 
the  middle  Eocene  paleo-oceanographic  change  that 
is  marked  by  a  sharp  increase  of  silica  production. 
This  paleo-oceanographic  event  which  resulted  of 
a  change  in  plate  tectonic  motions  is  linked  to 
the  onset  of  a  strong  bottom  water  circulation 
that  caused  erosion,  sediment  drift,  dunes,  sedi¬ 
ment  waves,  resulting  in  a  seismic  facies  very 
different  from  Formation  2  which  is  in  contrast 
mainly  characterized  by  pelagic  draping.  This 
event  very  probably  affected  the  whole  Atlantic 
and  could  be  synchronous  of  the  "great  sculptu¬ 
ral  event"  described  on  the  western  Atlantic 
margin  (TUCHOLKE,  1978). 
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that  are  particularly  visible  on  the  upper  slope, 
and  possibly  related  to  eustatic  changes  in  sea 
level  (VAIL  et  al.,  1977).  They  are  however  dif¬ 
ficult  to  pick  on  the  whole  margin. 

The  structural  evolution 

of  the  continental  margin 

The  rifting  phase 

Pre-rifting  geology  and  beginning  of  rifting. 

In  Biscay,  seismic  reflection  profiles  show  that 
the  fault  blocks  (fig.  3,  4,  5)  contain  either 
thick  layered  sediments  whose  parallel  inclined 
reflectors  are  clearly  seen  in  front  of  the 
Western  approaches  basin,  or  basement  with  a  thin 
sedimentary  cover  in  the  area  of  Goban  Spur.  Data 
on  the  age  and  nature  of  these  rocks  are  rather 
scarce.  At  Site  401,  on  Meriadzek  Terrace,  late 
Jurassic  and  possibly  earliest  Cretaceous  calca- 
renites  were  penetrated  below  an  horizontal  ero- 
sional  surface.  These  sediments  may  represent  a 
pre-rift  carbonate  platform.  Late  Jurassic 
Calpionellid  limestones  dredged  on  the  Meriadzek 
Terrace  (PASTOURET  et  al.,  1976)  support  this 
interpretation,  but  indicates  also  more  open  sea 
conditions.  Since  the  exact  age  for  beginning  of 
the  rifting  phase  is  not  known,  an  alternative 
hypothesis  is  that  the  late  Jurassic  shallow 
water  Carbonates  found  at  Site  401  are  geographi¬ 
cally  restricted  to  the  highest  point  of  previous¬ 
ly  faulted  blocks.  Several  dredges  in  che  Goban 
Spur  area,  (Granite  Cliff,  Menez  Bihan,  fig.  2) 
recovered  granitoldes  whose  ages  vary  from  251  MY 
to  290  MY,  indicating  an  hercynian  basement  (PAUTOT 
et  al.,  1976).  Metamorphic  rocks  have  also  been 
dredged  as  well  as  sedimentary  rocks  as  shallow 
water  carbonate  of  probable  Carboniferous  age 
and  sandstones  (AUFFRET  et  al.,  in  press).  These 
lithologic  data  confirms  the  seismic  reflection 
data,  and  demonstrate  the  existence  of  two  geolo¬ 
gical  provinces  prior  to  rifting  i.e.  one  with 
thick  mesozoic  deposits  in  front  of  the  western 
Approaches  basin,  and  another  on  Goban  Spur  that 
corresponds  to  a  regional  basement  high  with  a 
thin  Mesozoic  sedimentary  cover.  These  geological 
realms  are  known  on  the  shelf  as  the  western 
Approaches  mesozoic  basin  and  the  basement  high 
running  from  Cornwall  to  Goban  Spur  and  are 
intersected  by  the  present  margin  and  the  initial 
rift. 

On  Galicia  plateau,  numerous  dredges  recovered 
schists,  phyllads,  gneiss,  granulite  and  granite 
on  the  escarpments  of  Galicia  Bank,  Vigo  Seamount 
and  Vasco  da  Gama  Seamount  (DUPEUBLE  et  al.,  1976) 
(Groupe  Galice,  in  press)  indicating  the  presence 
of  a  continental  basement  of  probably  seme  nature 
than  known  on  land  in  Galicia.  The  oldest  sedimen¬ 
tary  rocks,  obtained  by  dredgings  cn  the  continen¬ 
tal  slope  and  on  the  marginal  banks  of  Vigo,  Porto 
and  Vasco  da  Gama,  are  bioclastic  limestones  with 
algae  dated  Late  Kimeridgian  to  Berriasian  and 
Calpionella  pelagic  micrites  dated  Late  Tithonian 


to  early  Berriasian  (Groupe  Galice,  in  press).  This 
means  that  at  the  end  of  Jurassic  times  there  was  a 
shallow  epicontinental  sea  communicating  with  an 
open  sea  connected  to  the  Mesogea.  These  samples 
seem  to  come  either  from  the  acoustic  basement  or 
perhaps  from  formation  4.  There  is  no  direct 
evidence  on  the  margin  of  sedimentary  rocks  older 
than  Late  Jurassic  but  on  the  continental  shelf 
of  Portugal,  a  complete  mesozoic  series  exists 
including  evaporites  of  Triassic  age.  Seismic 
reflection  surveys  in  the  deep  basin  between 
Porto  Seamount  and  the  continental  shelf  show 
diapiric  structures,  probably  linked  to  these 
Triassic  evaporites  (MONTADERT  et  al.  1974).  In 
the  area  of  site  398  (fig.  8),  the  acoustic 
basement  is  constituted  of  tilted  faulted  blocks 
clearly  of  sedimentary  origin.  It  has  been  pro¬ 
posed  that  the  lowermost  73  meters  were  drilled 
in  the  acoustic  basement  (Site  398  chapter,  in 
press).  This  lowermost  section  consists  of  a 
complex  sequence  of  marlstone,  siltstone  and 
white  indurated  limestone  of  Late  Hauterivian  to 
Early  Barremian  age.  The  white  indurated  lime¬ 
stones  were  deposited  under  pelagic  conditions 
whereas  marlstones  and  siltstones  could  have  been 
emplaced  by  low  density  turbidity  currents  in  a 
very  quiet  environment.  Limestones  have  been 
deposited  at  a  depth  shallower  than  the  CCD  but 
probably  at  depths  reaching  2  kilometers  at  the 
site  (site  398  chapter,  in  press).  If  this  inter¬ 
pretation  is  correct,  the  initiation  of  rifting 
in  this  area  would  have  been  early  Barremian. 
Nevertheless,  the  acoustic  basement  being  steep 
and  irregular,  and  taking  in  account  the  uncertain¬ 
ty  of  hole  location  with  respect  to  the  seismic 
profile,  it  is  possible  that  site  398  did  not 
penetrate  in  the  pre-rift  formations  but  bottomed 
in  the  syn-rift  formations. 

It  is  clear  that  pre-rifting  geology  in  North 
Biscay  and  Galicia  are  similar.  In  both  cases, 
rifting  occurred  on  a  pre-existing  marine  mesozoic 
basin. 

The  pre-rift  paleogeography  is  still  disputable 
because  of  the  lack  of  deep  stratigraphic  data  on 
the  margins,  and  uncertainties  on  the  pre-rift 
reconstructions  of  Biscay.  The  Hercynian  basement 
was  subjected  to  a  first  phase  of  tensional  tecto¬ 
nics  during  Triassic-lower  Liassic  time  with 
evaporite  deposition  that  is  well  known  in 
Aquitaine  -d  part  of  Galicia-Portugal  (W1NN0CK 
1971  -  ROS  _T  et  al.,  1971  -  MONTADERT  et  al., 

1971  -  1974  -  BRGM  et  al.,  1974).  The  western 
Approaches  basin  could  also  have  been  initially 
structured  by  this  distension.  It  is  noteworthy 
that  in  the  Aquitaine,  the  northern  boundary  of 
the  thick  Triassic  deposits  is  a  fault  system 
(the  Celtaquitaine  flexure  of  WINNOCK,  1971) 
which  is  exactly  in  the  prolongation  of  the 
present  armorican  continental  margin.  These  ten^ 
sional  movements  ceased  in  Aquitaine  as  well  as 
in  Galicia-Portugal  during  most  of  the  Jurassic 
when  marine  epicontinental  sediments  were  depo- 

MONTADERT  165 


k  GORAN  SPUR 

>/'  A  '  M  f  \ 

:m-v\ 


>f  A^\ 

\V  \  V-~N 


>Ar$ 


WESTERN  APPROACHES 
BASIN 


A%>r,  5^ 


\A 


y  ’•-  «>  4nr* 


(401 


DS OP  hole 

Synrifi  transverse  fault  or  flexure 
Faults  bounding  tilted  blocks  or  horsts 

Lower  Creiqjjgus  erosionol  surfoces 

Continent  ocean  crust  boundary 

Late  Eocene  teetcnized  area 
Late  Eocene  fault  or  folds 


"V 


I  Trevelyan 
M  Meriadzek 


Fig.  11.  Schematic  tectonic  pattern  of  the  rift  system  on  X.  Biscay  margin. 


sited  indicating  an  open  sea.  The  bathymetry  of 
this  Hesozoic  sea  is  not  well  established  off¬ 
shore,  but  ealpionellid  limestones  are  known 
all  around  Biscay  and  Galicia.  In  northern  Biscay, 
seismic  reflection  profiles  consistently  show  a 
dovr.slope  facies  variation  of  the  pre-rift  meso- 
zolc,  with  the  developement  of  a  well  layered 
series  perhaps  indicating  more  basinal  deposits. 
This  change  is  examplified  by  figure  10  upslope 
and  by  figure  5  downslope.  After  this  quiet 
Jurassic  period,  tensional  tectonism  occurred 
again  at  the  end  of  the  Jurassic  all  over  the 
Europe-America  plate,  creating  a  complex  system 
of  rifts.  Some  of  these  subsequently  aborted 
like  in  the  North  sea  or  in  the  Western  Approaches 
but  others  evolved  to  form  a  passive  continental 
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margin  with  accretion  of  new  oceanic  crust.  In 
Northern  Biscay,  the  start  of  this  rifting  episode 
is  not  well  documented.  In  the  Western  Approaches 
basin,  results  of  the  exploration  wells  have  not 
been  published  but  in  the  Celtic  Sea  the  break  up 
unconformity  is  of  Aptian  age.  In  Aquitaine  it  is 
particularly  well  documented  for  the  Parentis 
Basin  which  opens  directly  westward  into  Biscay. 
Detailed  maps  base!  on  drilling  results  (BRGM  et 
al.,  1974)  indicate  that  the  Parentis  Basin  is 
■ irst  identifiable  in  late  Oxfordian  time  as  an 
area  of  slightly  more  rapid  subsidence.  During  the 
Neocomian  the  Parentis  Basin  became  a  large  graben, 
indicating  a  period  of  active  rifting.  Since  the 
northern  boundary  of  the  Parentis  Basin  is  in  con¬ 
tinuity  with  the  Armorican  margin,  the  timing  may 


be  extrapolated  to  the  Northern  Biscay  and  is  not 
in  contradiction  with  our  observations.  Site  398 
results  (see  above)  could  indicate  a  starting  of 
the  rifting  episode  or  an  episode  in  the  rifting 
process  in  Lower  Barretnian  <-i.me. 

It  is  thus  concluded  that  in  this  part  of  the 
Northeast  Atlantic,  active  rifting  took  place  in 
Lower  Cretaceous  time,  in  a  preexisting  marine 
basin  in  contrast  to  othi  r  rift  systems  which 
were  subaerial. 

The  tectonic  style  of  the  rift  system.  The 
tectonic  style  of  rifting  is  examplified  by  seve¬ 
ral  interpretative  depth  sections  across  both 
margins  based  on  seismic  reflection  profiles 
(fig.  3,  4).  The  overall  tectonic  style  is  charac¬ 
terized  by  a  series  of  tilted  blocks  bounded  by 
faults  which  in  many  cases  are  clearly  listric 
faults.  These  blocks  delineate  half  grabens.  True 
horsts  are  rare  on  the  Biscay  margin.  Some  of  these 
blocks  are  cut  by  erosional  surfaces,  which  on  too 
highly  exaggerated  profiles  give  the  misleading 
appearence  of  horsts.  There  is  a  clear  polarity 
of  the  dip  of  faults  towards  the  axis  of  the  rift 
system  in  Northern  Biscay  and  in  the  western  part 
of  the  Galicia  Plateau. 

A  schematic  fault  pattern  of  the  rift  system 
developped  during  lower  Cretaceous  has  been  map¬ 
ped  from  the  seismic  profiles  in  North  Biscay 
(fig.  11).  The  pattern  is  best  documented  in  the 
area  of  Meriadzek  where  the  spacing  of  the  pro¬ 
files  is  less  than  10  km.  However,  delineation 
of  fault  trends  is  often  uncertain  and  more  so 
in  the  area  of  Goban  Spur.  Spacing  between  conse¬ 
cutive  fault  block  crests  varies  from  a  few  kilo¬ 
meters  to  30  kilometers  and  the  length  of  indivi¬ 
dual  blocks  is  limited  to  between  several  and 
20  -  30  kilometers  by  transecting normal  faults 
that  do  not  show  horizontal  displacement.  These 
faults  are  often  delineated  by  the  lack  of  conti¬ 
nuity  of  tilted  blocks,  -ne  apparent  throw  can 
vary  along  these  faults  since  crests  and  half 
grabens  do  not  coincide  on  both  sides.  Compara¬ 
ble  patterns  have  been  described  on  intraconti¬ 
nental  rift  system  such  as  the  southern 
Ethiopian  rift  system  (MOORE  et  al.  1978).  The 
trend  of  the  tilted  blocks  generally  follows  the 
strike  of  the  margin  and  changes  between  the 
Goban  Spur  (150°  E)  and  the  Meriadzek  area  to 
more  variable  trends  of  80°  to  130°  E.  Transec¬ 
ting  faults  oriented  almost  perpendicular  to 
the  margin,  vary  in  direction  from  60°  E  in 
Goban  Spur  area  to  15°  -  30°  E  in  the  Meriadzek 
area  where  trends  are  again  more  variable.  If, 
as  is  probable,  faulting  during  rifting  accomo¬ 
dated  previous  fractures  or  inhomogeneities  in  the 
Hercynian  basement,  the  observed  differences  in 
fault  orientation  suggests  that  the  Hercynian  base¬ 
ment  in  the  areas  of  Goban  Spur  and  Meriadzek  is 
different  on  both  lithology  and  structure.  In  any 
case,  the  faults  trending  at  80°  E  in  the  Meriadzek 
area  and  controlling  in  particular  the  Shamrock 
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canyon,  have  clearly  the  same  orientation  as  the 
Hercynian  shear  zones  of  Brittany  (fig.  I). 

Of  particular  interest  and  significance  for 
the  rifting  process  is  the  nature  of  listric  faults 
created  during  rotation  of  the  blocks.  The  base  of 
the  syn-rifting  sediments  is  a  datum  which  allows 
determination  of  the  throw  of  the  faults.  For  lis¬ 
tric  faults  this  throw  is  a  function  of  the  amount 
of  rotation  of  the  block  and  of  the  width  of  the 
block.  It  may  be  as  much  as  3  to  4  kms  for  some 
large  individual  blocks.  Tilting  of  the  blocks 
involves  their  rotation  about  axes  parallel  to 
the'r  strike.  Depth  reconstruction  from  seismic 
profiles  (fig.  3,  4)  show  that  rotation  of  the 
block  is  commonly  20°  to  30°.  The  change  of  dip 
of  the  faults  with  depth  which  characterized  lis¬ 
tric  faults  is  especially  visible  beneath  the  rise, 
where  the  faults  become  near  horizontal  with  depths 
below  the  blocks.  Figure  5  shews  details  of  indi¬ 
vidual  block  with  listric  faults  and  figure  12  is 
a  depth  reconstruction  of  the  sanr  profile  with 
the  same  horizontal  and  vertical  scales.  Such 
listric  faults  have  been  also  described  by  BLAIR 
(1975)  and  BOWES  (1975)  in  the  North  Sea  and  pos¬ 
tulated  by  LOWELL  et  al.  (1972-1975)  in  the  Red 
Sea  and  by  GARFUNKEL  and  BARTOV  (1977)  in  the 
Suez  Rift.  A  reflector,  often  very  strong,  under¬ 
lying  the  base  of  the  listric  faults  is  seen 
beneath  the  rise  (fig.  13).  Variations  in  travel 
time  to  this  reflector  are  visible  and  shown  as  a 
"pull  up"  below  the  crest  of  the  blocks  due  to  the 
velocity  difference  between  beds  within  the  blocks 
and  sediments  infilling  the  adjacent  half  grabens. 
It  may  therefore  be  assumed  that  this  reflector  is 
relatively  flat  and  thus  independent  of  the  tecto- 
nised  layer  above.  An  exactly  similar  feature 
(fig.  14)  observed  at  the  foot  of  the  western 
escarpment  of  the  Galicia  Bank  area  (fig.2B)  de¬ 
monstrates  that  it  is  not  of  local  origin.  Such 
a  strong  reflector  must  correspond  to  a  sharp 
contrast  in  acoustic  impedance  and  should  there¬ 
fore  correspond  also  to  a  refraction  horizon.  On 
the  N.  Biscay  margin,  refraction  profile  DI2  of 
Ewing  et  al.  (1959)  is  unfortunately  located  at 
the  western  end  of  Trevelyan  (fig.2A)  on  both  con¬ 
tinental  and  oceanic  crusts,  thus  making  the 
results  of  little  value  in  this  respect.  However 
a  recent  profile(n~  10)  using  O.B.S.  parallel 
to  the  Meriadzek  escarpment  (fig.2A)  (AVEDIK  and 
HOWARD,  in  press)  crosses  the  reflection  profile 
shown  figure  12.  Below  sediments  with  2,1,  3,1  and 
3,6  km/set  velocities  there  is  a  2  km  thick  layer 
of  4,9  km/s’.c  velocity  whose  base  is  situated  near 
9,500  km  below  sea  level,  almost  exactly  at  the 
level  where  tee  listric  faults  become  near  hori¬ 
zontal.  Below  ihere  is  a  3  km  thick  layer  with 
6,3  km/sec  velocity  above  the  Moho  discontinuity 
(8,2  km/sec)  situated  at  12  km  below  sea  level. 
Computing  vertica.  sound  travel  time  from  the 
seismic  refraction  data  shows  that  the  interface 
between  4,9  and  6,3  km/sec  layers  would  lie  at 
9,2  sec  two  way  travel  time  in  good  agreement 
with  the  observed  travel  time  of  the  horizontal 
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13.  Tilted  blocks  and  the  deep  horizontal  reflector  below  (South  of  Cohan  Spur 
Biscay  margin) . 


Fig.  15.  Lower  Cretaceous  erosional  surfaces  truncating  faulted  blocks  on  N.  lliseay  and 
W.  Galicia  margins. 
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reflector  below  the  tilted  locks.  Drill  and  dred¬ 
ge  data  show  that  tilted  brocks  include  Mesozoic 
sediments,  and  others  Hercynian  basement  showing 
that  the  tectonised  layer  includes  continental 
basemen*-  as  well  as  sedimentary  rocks.  The  geo¬ 
logical  xd  refraction  data  thus  show  that  the 
bounda  ,  defined  by  the  near  horizontal  base  of 
the  listric  faults  and  the  reflector  does  not 
correspona  to  a  particular  geological  horizon  in 
sedimentary  rocks  allowing  deccllement  but  mere¬ 
ly  t*  a  mecha  xical  discontinuity  within  the  upper 
part  of  the  coifipental  crust.  This  discontinuity 
which  clearly  existed  at  '"he  time  of  rifting, 
was  situated  at  ai  >und  6  to  8  km  below  sea  level 
in  the  central  part  of  the  rift  South  of  Meriadzek 
as  calculated  from  the  depth  section  (fig.  1?J. 

The  Syn-rifting  sediments.  Sediment"  deposited 
during  rifting  (Formation  4)  are  generally  well 
chatac*  rized  by  convergence  of  the  reflectors 
towards  the  crest  of  the  block  indicating  contem¬ 
poraneous  deposition  during  tilting.  Due  to  the 
complex  fault  hlock  pattern  the  distribution  of 
.h"  syn-rifting  sediments  i-  compI'1x  and  they  may 
be  thin  or  absent  on  top  of  the  blocks,  and  very 


thick  in  the  half  grabens  behind  large  tilted  blocks. 
In  some  grabens  the  upper  part  of  the  syn-rifting 
sediments  do  not  show  any  evidence  of  tectonic 
influence  on  their  deposition  and  seems  only  to 
infill  a  pre-existing  depression.  This  may  indica¬ 
te  that  rotation  of  the  blocks  could  have  stopped 
at  different  periods  in  different  areas.  Never¬ 
theless,  *-he  latest  activity  which  is  probably 
intra-Apt i an  without  precision  in  Biscay  is  very 
well  defined  in  Galicia  and  dated  latest  Aptian 
(site  396  chapter,  in  press,  SIBUET  and  RYAN,  in 
press)  (fig.  8). 

No  precise  stratigraphic  data  are  available  in 
Northern  Biscay  because  leg  48  drilling  was  not 
able  to  penetrate  below  the  Aptian  in  a  half  gra- 
ben.  Some  dredgings  (AUFIRET  et  al . ,  in  press) 
found  Barremian  micritic  limeslo  its  or  marly 
chalks  deposited  at  shelf  or  outer  shelf  depths 
in  the  Shamrock  Canyon,  and  Valanginian  to 
Barremian  shallow  water  limestones  or  chalks  on 
Meriadzek  escarpment.  On  the  contrary,  in  Galicia, 
the  hole  398  penetrated  a  syn-rift  section  of  sand- 
silt-clay  graded  sequences  interbedded  with  thick 
(1  to  10  m)  slumped  beds  or  debris  flows  dated 
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Aptian  and  Barremian  and  a  complex  sequence  of 
marlstone,  siltstone,  and  white  indurated  limesto¬ 
nes  of  Late  Hauterivian  to  Early  Barremian  age. 

The  submarine  topography  at  the  end  of  rifting. 

Tn  Biscay,  the  drill  and  dredge  data  and  seismic 
reflection  profiles  allow  reconstruction  of  the 
topography  of  the  sea  floor  at  the  end  of  rifting 
in  Aptian  time. 

The  most  striking  feature  allowing  this  recons¬ 
truction  are  horizontal  planes  which  cut,  in  some 
areas,  the  crest  of  the  tilted  blocks  (fig.  13), 
and  indicate  subaerial  or  shallow  submarine  ero¬ 
sion.  These  erosiona!  surfaces  are  shown  on  fig.  1 1 
in  grey.  They  extend  much  closer  to  the  ocean-con¬ 
tinent  boundary  off  Goban  Spur  than  in  the  Meriadzek- 
Trevelyan  area  where  the  closest  point  to  the  boun¬ 
dary  is  near  site  401. 

The  age  of  this  erosional  event  is  given  by 
hole  AO 1  and  by  data  on  the  shelf.  At  site  401 
(fig.  9)  outershelf  chalks  of  upper  Aptian  age 
rest  above  shallow  water  carbonates  of  late  Juras¬ 
sic  and  possibly  lowermost  Cretaceous  age  ;  th's 
demonstrates  that  erosion  occurred  during  pre- 
Aptian  time  while  rifting  was  active,  i.e.  while 
blocks  were  rotating.  Near  the  shelf  edge,  (fig.  16) 
calibration  of  seismic  lines  from  data  of  the 
western  Approaches  basin  demonstrate  also  that 
the  Aptian  (pro-j  .-rte)- Albian  rests  on  the  erosio¬ 
nal  surfaces  cutting  the  faulted  blocks.  The 
seismic  profiles  therefore  delineate  areas  on  the 
continental  margin  vhich  were  at  zero  level  duiing 
rifting.  Fig.  11  shows  Chat  a  large  part  of  the 
margin  in  front  of  Che  western  Approaches  basin 
was  below  this  level.  However  results  from  dred¬ 
ging  and  hole  402  show  areas  where  no  erosion 
occurred  but  were  nevertheless  under  shallow  water 
during  Aptian  time.  At  site  402  Aptian-Albian  black 
shales  were  deposited  as  a  prograding  shelf  on  a 
subsiding  shallow  platform.  It  appears  that  in 
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front  of  the  Aptian  shelf,  one  or  several  isolated 
shallow  banks  existed  in  the  area  of  Meriadzek. 
Outside  th. se  areas,  water  was  deeper.  At  site 
400A,  Aptian-Albian  sediments  are  interpreted  as 
deep  water  sediments  deposited  not  far  above  the  CCD. 
Since  post-rifting  sediments  including  formation  3 
are  not  faulted,  the  depth  at  which  Aptian  sedi¬ 
ments  were  deposited  at  site  400  can  be  estimated 
from  the  throw  of  the  faults  along  the  Meriadzek 
escarpment,  i.e.  from  the  difference  of  altitude 
between  the  Aptian  at  site  401  and  site  400.  A 
depth  of  1300-2000  m  is  indicated  for  the  area  of 
site  400A  on  Trevelyan  plateau  at  the  end  of  rifting. 
In  front  of  the  western  Approaches  basin,  1  ge 
areas  of  the  submarine  rift  system  were  deep  and 
a  central  trough  existed  of  about  2000  m  depth. 

At  the  same  time  most  of  the  Goban  Spur  area  was 
much  shallower  since  erosional  surfaces  are  obser¬ 
ved  relatively  close  to  the  continental-oceanic 
boundary  (fig.  11).  Only  a  narrow  deep  trough 
existed  there  at  the  end  of  rifting.  This  change 
of  style  between  the  two  areas  may  be  explained 
by  the  difference  in  nature  of  the  pre-rift  rocks. 

On  Goban  Spur  rifting  affected  an  hercynian  grani¬ 
tic  basement  without  sedimentary  cover,  but  in 
the  Meriadzek  area  rifting  affected  an  hercynian 
basement  probably  of  a  different  nature  and  covered 
by  a  thick  mesozolc  sequence.  This  would  suggest 
that  the  physiography  of  a  rift  system  may  be 
largely  controlled  by  the  nature  of  the  pre-rift 
rocks . 

In  Galicia,  the  same  erosional  surfaces  are 
observed  (fig.  15,  17  )  but  no  hole  had  been 
drilled  through.  Hole  398  which  was  drilled  in  a 
low  demonstrated  that  syn-rift  sediments  were 
deposited  in  a  deep  water  environment  above  the 
CCD  during  Hauterivian  and  Lower  Barremian  and  clear¬ 
ly  beneath  the  CCD  after  Mid  Aptian  times.  Even,  if 
the  CCD  on  margins  could  be  different  from  oceanic 
basins,  an  estimate  of  water  depth  during  Aptian 
time  is  given  by  several  authors  (LE  PICH0N  et 
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al.  in  press,  VAN  ANDEL  et  al.  1977)  around  1500- 
2000  meters.  An  independent  estimate  of  the  water 
depth  at  the  end  of  rifting  is  given  by  the  diffe¬ 
rence  of  levels  between  the  Aptian  depth  at  site 
398  and  the  erosional  surface  evidenced  on  Vigo 
Seamount  and  supposed  to  be  of  Lower  Cretaceous 
age  as  in  Biscay  ;  the  value  obtained  is  around 
2500  meters.  Such  result  is  in  a  good  agreement 
with  the  estimation  made  in  Biscay  (1500-2000  m) . 

The  higher  value  for  Galicia  is  in  agreement  with 
the  fact  that  there,  the  Aptian  was  deposited 
below  CCD,  while  in  Biscay  at  site  400  it  was 
deposited  slightly  above.  The  major  consequence 
of  these  observations  is  that  on  the  Northeast 
Atlantic  during  Aptian,  at  the  end  of  rifting, 
large  submarine  troughs  as  deep  as  2500  m  existed. 

Discussion  on  rifting  and  thinning  of  the  crust 

Although  rift  tectonics  are  relatively  simple, 
there  is  continuing  controversy  about  their  nature 
and  development.  Structural  models  are  based  mainly 
on  the  studies  of  continental  subaerial 1  rift  systems 


like  the  East  African  rifts,  the  Rhine  Graben,  the 
Suez  rift,... 

The  different  hypothesis.  A  common  hypothesis 
is  that  intracontinental  rifts  are  related  to 
doming  of  the  continental  crust  (CL0S3  1939)  and 
the  following  stages  have  been  recently  proposed 
(NEUGEBAUER  1978)  :  1.  upwarping  of  the  crust 
2.  incipient  volcanic  activity  3.  formation  of 
faults  and  increasing  volcanic  activity  4.  subsi¬ 
dence  of  graben.  BURKE  and  WHITEMAN  (1973)  consi¬ 
dered  also  that  rifts  developed  on  crest  of  up¬ 
lifts  interpreted  as  isostatic  responses  to  mass 
deficiencies  produced  by  partial  melting  of  the 
mantle  above  rising  plumes  at  the  base  of  the 
lithosphere.  FREUND  (1965)  pointing  out  the  diffe¬ 
rence  in  width  between  the  different  rifts,  the 
presence  or  absence  of  a  swell,  proposed  a 
necking  hypothesis  with  thinning  of  the  crust 
below  accompanied  by  rising  of  the  mantle.  He 
also  raised  the  question  of  the  spatial  and  tem¬ 
poral  relations  between  the  rifts  and  the  orogenies. 
ARTEMJEV  and  ARTYUSHKOV  (1971)  from  a  study  of 
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the  Baikal  rift  proposed  a  mechanism  resulting 
from  crustal  extension  when  neck  shaped  strains 
in  the  crust  are  developed.  The  lower  part  of  the 
crust  is  plastically  attenuated  and  faults  occur 
in  the  upper  layer  of  the  crust  where  the  visco¬ 
sity  is  too  high.  FUCHS  (1974)  proposed  a  somewhat 
similar  model  for  the  Rhine  Graben. 

The  cause  of  crustal  extension  is  also  a  matter 
of  controversy.  HEISKANEN  and  VENING-MEINESZ  (1958) 
proposed  large  scale  movements  in  the  mantle  crea¬ 
ted  by  thermal  convection,  while  ARTEMJEV  and 
ARTYUSHKOV  (1971)  suggest  gravity  convection.  Others 
relate  rifting  to  the  stress  field  existing  in¬ 
side  plates  as  a  consequence  of  collisions  (ILLIES 
1 975  -  GARFUNKEL  and  BARTOV  1 977) . 

Data  on  rifting  from  the  study  of  continental 
margins  are  relatively  scarce  because  the  rift 
structures  are  often  covered  by  a  very  thick  sedi¬ 
mentary  overburden  hiding  the  deep  structures.  This 
difficulty  is  partly  overcome  on  the  starved 
North  Biscay  and  Galicia  margins. 

Rifting  and  attenuation  in  Biscay  and  GaHcia. 
Legs  47B  and  48  results  and  seismic  reflection 
profiles  demonstrated  that  on  this  area  rifting 
was  submarine  (MONTADERT,  ROBERTS  et  al.  1977,  de 
Charpal  et  al.  1978)  in  contrast  to  many  rifts 
and  occurred  on  a  pre-existing  mesozolc  sedimen¬ 
tary  basin  perhaps  shaped  during  an  earlier  Trias- 
sic  tensional  episode  (WINNOCK,  1971).  Although 
the  onset  of  rifting  is  not  well  established, 
comparison  with  Aquitaine  basins  suggests  it  may 
have  begun  by  late  Jurassic  but  was  probably  main¬ 
ly  active  during  Neocomian.  The  end  of  rifting 
and  the  onset  of  spreading  is  very  probably  late 
Aptian.  As  demonstrated  in  the  previous  section, 
broad  25G0  m  deep  troughs  existed  at  that  time. 

This  fact  and  the  tectonic  style  observed  with 
tilted  blocks  including  the  upper  part  of  the  con¬ 
tinental  crust,  bounded  by  listric  faults,  is 
characteristic  of  an  extension  of  the  crust  with 
the  synchronous  development  of  a  central  trough. 
Under  continuing  extension  the  fault  blocks  can 
rotate  only  because  the  central  trough  is  subsi¬ 
ding  so  that  individual  blocks  dip  away  from  the 
axis.  In  the  trough,  the  continental  crust  affec¬ 
ted  by  listric  faults  was  about  6  to  8  km  thick  ; 
the  rotation  of  the  blocks  reduced  this  thickness 
to  about  4-5  kms  (fig.  12). 

V.Z  suggest  that  the  mechanical  discontinuity 
which  controlled  the  level  above  which  continental 
crust  was  faulted  during  rifting  corresponds  to 
the  transition  between  the  upper  brittle  and  the 
lower  ducti’e  continental  crust  (GRIGGS,  1960) .This 
boundary  is  close  to  a  strong  horizontal  reflec¬ 
tor  situate  1  at  about  10  km  below  sea  level.  This 
reflector  corresponds  to  an  increase  of  velocities 
from  4,9  km  to  6,3  km/sec  as  shown  by  refraction 
data  (fig.  18).  (AVEDIK  end  HOWARD,  in  press  - 
B0T'r  and  WATTS,  1971).  The  Moho  discontinuity  was 
determined  at  12  km  below  sea  le'el.  These  results 
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demonstrate  an  almost  complete  thinning  of  the  duc¬ 
tile  continental  crust,  reduced  to  3  km  as  a 
maximum,  by  some  subcrustal  process,  while  it  was 
probably  around  15  -  20  km  away  from  the  rift  (fig. 
18).  Recent  heat  flow  data  obtained  in  North  Biscay 
margin  (FOUCHER  and  SIBUET,  in  press)  support  this 
mechanism  of  thinning  of  the  ductile  part  of  the 
continental  crust.  Phase  changes  or  intrusion  in 
the  lower  part  of  the  ductile  continental  crust 
could  be  mechanisms  which  played  a  part  in  crustal 
attenuation.  Nevertheless,  as  the  layer  affected 
by  these  processes  does  not  contain  radiogenic  ele¬ 
ments,  it  is  still  necessary  to  explain  the  amount 
of  crustal  attenuation  and  heat  flow  data,  to  in¬ 
voke  another  process  for  thinning  of  the  almost 
entire  ductile  crust. 

The  amount  of  horizontal  extension  can  be  esti¬ 
mated  approximately  for  the  upper  part  of  the  con¬ 
tinental  crust.  For  rotation  of  20°  to  30°  of  the 
blocks  the  extension  of  the  area  between  the  pre¬ 
sent  shelf  edge  and  the  oceanic-continental  crusts 
boundary  is  around  10  -  15  Z  of  the  previous  width. 

Also  relevant  to  the  rifting  process  is  the  fact 
that  no  erosion  occurred  before  and  during  rifting 
in  the  central  trough  of  the  rift  system.  In  this 
case  rifting  was  not  preceded  by  and  therefore  is 
not  a  consequence  of  a  large  doming.  The  same  ob¬ 
servation  was  made  in  the  Rhine  Graben  and  in  the 
Suez  rift  where  more  or  less  complete  pre-rift 
sedimentary  layers  are  preserved.  The  uplifting 
of  tha  shoulders  of  the  rift  there  postdates  the 
initiation  of  the  graben.  Such  uplifting  occurred 
also  in  Biscay  away  from  the  rift  trough  but  is 
not  expressed  in  the  topography  since  erosion  kept 
pace  with  the  uplift  and  maintained  the  area  at 
the  level  of  the  sea.  lhe  cause  of  the  uplift  of 
the  shoulders  of  the  rift  could  well  be  regional 
isostatic  adjustment. 

Speculation  on  the  mechanism  of  rifting.  From 
our  observations,  therefore,  the  most  appealing 
mechanism  for  rifting  would  be  stretching  of  the 
lithosphere  as  a  response  to  intraplate  stresses. 
These  stresses  could  be  due  to  the  difference  bet¬ 
ween  the  absolute  velocities  of  plate  boundaries 
or  consequences  of  continental  collisions. 

(FORSYTH  and  UYEDA,  1975).  These  stresses  were 
applied  to  a  crust  made  of  two  layers  of  comple¬ 
tely  different  mechanical  properties.  As  shown 
above,  the  extension  is  limited,  but  the  thinning 
of  the  ductile  part  of  the  crust  is  much  more 
important  than  the  thinning  of  the  brittle  part 
by  rotation  of  blocks.  Rock  mechanics  experiments 
(P0ULET,  1976)  show  that  strain  of  ductile  mate¬ 
rial  increases  continuously  when  a  certain  level 
of  stress  is  attained  (viscous  behavior).  On  the 
contrary,  the  continuous  strain  of  brittle  mate¬ 
rial  is  relatively  limited  for  increasing  stress 
until  a  fracture  is  created  which  releases  the 
stress.  One  must  therefore  conclude  that  there 
was  mechanical  decoupling  between  the  two  sections 
of  the  crust.  For  this  reason,  it  is  quite  possi- 


ble  that  thinning  of  the  ductile  part  of  the  crust 
began  before  the  creation  of  the  first  fault  in 
the  brittle  crust.  Then  speculating  that  tensile 
stresses  are  the  same  at  the  lateral  boundaries 
of  the  iole  lithosphere,  the  extension  will  be 
more  important  in  tile  lower  ductile  part  by 
continuous  viscous  flow  starting  at  a  low  level 
of  stress  accumulation  and  stress  relaxation 
by  faulting  until  complete  break  up  of  the  li¬ 
thosphere.  The  continuous  necking  of  the  lower 
ductile  part  of  the  crust  is  accompanied  by 
rising  of  the  mantle  and  a  depression  in  the 
upper  brittle  crust  (the  rift  trough)  which 
allows  rotation  of  blocks  along  listric  fiuits. 


The  post  rifting  history 


Complete  rupture  of  the  lithosphere  occurred 
at  the  end  of  rifting  in  latest  Aptian  time  and 
new  oceanic  crust  accreted  in  deep  waters  along 
the  young  Continental  margin  which  began  to 
subside . 


The  different  mechanisms  for  subsidence. 

Several  mechanisms  have  been  proposed  for  ex¬ 
plaining  this  subsidence  of  the  continental 
margins.  SLEEP  (1971,  1973),  SLEEP  and  SNELL 
(1976)  suggested  that  post-rifting  subsidence 
could  be  related  to  thermal  contraction  of  the 
lithosphere  which  occurred  when  the  heat  source 
moves  away  the  margin  after  onset  of  spreading. 

BOTT  (1971,  1973),  BOTT  and  DEAN  (1973)  sugges¬ 
ted  that  accompanying  or  following  the  thermal 
contraction  of  the  lithosphere,  subsidence  could 
occur  as  an  isostatic  response  to  crustal  thinning 
caused  by  hot  creep  of  lower  continental  crustal 
material  towards  the  suboceanic  mantle.  This  would 
be  due  to  instability  of  young  continental  margins 
because  of  gravitational  energy  associated  with 
the  junction  between  oceanic  and  continental  crust 
that  would  create  wedge  subsidence  in  the  upper 
brittle  layer.  Finally  WALCOTT  (1970  -  1972)  ex¬ 
plained  subsidence  of  the  continental  margin  under 
loading  by  sediments  by  flexure  of  the  lithosphere. 

On  the  starved  North  Biscay  and  Galicia  margins, 
the  post  rifting  sediments  are  so  thin  that  the 
influence  of  loading  or  .'ubsider.ee  is  negligible, 
so  that  the  fundaments.  aechanism  of  subsidence  of 
a  passive  continental  margin  can  be  directly  studied. 

Transition  between  continental  and  oceanic 
crusts.  In  Biscay,  the  transition  between  conti¬ 
nental  crust  and  oceanic  crust  is  relatively  well 
documented  by  geophysical  data.  The  magnetic  ano¬ 
maly,  map  of  the  total  field  (fig.  19)  (SIBUET  et 
al.,  in  preparation)  covers  an  area  from  the  shelf 
of  the  western  Approaches  to  the  center  of  the 
Bay  of  Biscay.  The  continental  shelf  is  characte¬ 
rized  by  strong  amplitude  anomalies  (HILL  and  VINE, 
1965  -  SEGOUFIN,  1975  -  LE  BORGNE  and  LE  MOUEL, 

1970)  which  do  not  extend  off  the  shelf  break.  On 
the  continental  slope,  anomalies  of  generally 
small  amplitude  are  riented  parallel  to  the  mar¬ 


gin  with  some  transverse  discontinuities  which 
can  be  linked  with  transverse  faults  of  the  rift 
pattern.  Northward,  gravity  and  magnetic  anomalies 
show  the  extension  of  the  bathoiitic  axis  of 
SK  England  until  the  shelf  break  (HILL  and  VINE, 
1965  -  DAY  and  WILLIAMS,  1970  ;  SIBUET,  1972). 

The  map  shows  that  this  axis  extends  until  the 
foot  of  the  continental  slope  where  a  late  hercy- 
nian  granodioritic  complex  have  been  found  by 
dredgings  (PAUTOT  et  al.  1976).  The  oceanic  do¬ 
mains  of  the  Porcupine  abyssal  plain  and  of  the 
Bay  of  Biscay  are  characterized  by  magnetic  ano¬ 
malies  often  of  strong  amplitude  and  small  wave 
length,  shown  as  well  marked  linertions  respecti¬ 
vely  oriented  SSE-NNW  and  E.  -  W.  to  ESE-WNW. 

In  the  Porcupine  abyssal  plain  the  first  clearly 
identified  anomalies  may  be  anomalies  33  -  34 
(CANDE  and  KRTSTOFFERSEN,  1977)  of  late  Upper 
Cretaceous  age  (VAN  H1NTE,  1976).  Although  inter¬ 
pretation  of  magnetic  anomalies  in  Biscay  is  still 
under  discussion,  it  seems  that  the  central  ano¬ 
malies  of  the  Bay,  oriented  E.W.  and  superimpose 
on  the  N.  ans  S  CHARCOT  and  Biscay  seamounts  can 
be  identified  as  anomalies  33  -  34  (CANDE  and 
KRISTOFFERSEN,  1977  -  SIBUET  et  al.,  in  press). 

This  would  imply  that  a  triple  point  was  active 
during  the  last  phase  of  opening  of  the  Bay 
(WILLIAMS,  1975  -  SIBUET  et  al.,  in  preparation). 
However  the  Biscay  seamounts  are  extensively  tec- 
tonised  and  this  interpretation  may  not  be  correct 
(ROBERTS,  to  be  published) .  Lineations  existing 
between  the  anomalies  33  -  34  and  the  margin  indi¬ 
cate  the  existence  of  an  oceanic  crust  of  pre- 
Senonian  age  (An  34,  80  MY)  (ALVAREZ  et  al.,  1977  - 
Van  HINTE,  1976).  These  lineations  are  not  very 
continuous  but  they  exist.  They  have  been  delinea¬ 
ted  mainly  from  the  correlation  between  profiles 
of  3  small  positive  anomalies.  These  anomalies 
inside  the  "quiet  zone"  may  be  small  reversals  as 
observed  for  example  in  the  Albian  of  Site  400  A 
(HAILWOOD  et  al.,  in  press).  This  is  in  good  agree¬ 
ment  with  geological  data  eg.  the  margin  that  indi¬ 
cates  an  Aptian  age  for  the  end  of  rifting.  Never¬ 
theless  it  must  be  pointed  out  that  anomaly  M0  of 
Aptian  age  is  not  found  along  the  margin  and  accre¬ 
tion  of  new  oceanic  crust  just  after  anomaly  MO 
cannot  be  excluded.  At  the  foot  of  the  margin  the 
transition  from  continental  crust  to  oceanic  crust 
is  delineated  from  the  gravity  and  magnetic  profi¬ 
les  (fig.  20)  and  from  seismic  reflection  profiles 
(fig.  21,  22).  In  the  NW  part  of  the  margin,  this 
boundary  follows  the  base  of  the  continental  slope 
from  Porcupine  Sea  Bight  as  far  as  Southern  end 
of  Goban  Spur.  The  boundary  is  linear  and  very 
sharp  along  Goban  Spur  (fig.  21).  South  of  Goban 
Spur,  the  transition  is  also  sharp:,  (fig.  22)  since 
Hercynian  granites  have  been  dredged  on  the  last 
tilted  block  and  oceanic  crust  is  seen  about 
10  km  to  the  SW.  In  this  case,  magnetic  anomalies 
amplitude  begin  to  increase  already  below  the 
very  attenuated  continental  crust.  South  eastwards, 
the  boundary  is  shifted  northward  and  it  is  close 
a  localized  positive  magnetic  anomaly  and  a  strong 
amplitude  (more  than  400  y) •  Along  the  Trevelyan 
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escarpment,  it  follows  a  large  negative  magnetic 
anomaly  (250  y)  which  extends  far  to  the  SE  where 
it  is  superimposed  on  the  north  Gasgony  ridge 
(GRAU  et  al.,  1973  -  MONTADERT  et  al.,  1975)  which 
is  the  Southern  limit  of  the  deep  thick  Armorican 
marginal  basin.  Seismic  reflection  data  do  not 
show  evidence  of  formation  3  (Aptian-Albian)  on 
the  oceanic  crust  vest  of  Goban  Spur,  but  it  is 
present  along  Trevelyan  (fig.  27).  This  may  indi¬ 
cate  that  the  opening  along  Goban  Spur  was  slight¬ 
ly  younger  than  to  the  South.  The  nature  and 
origin  of  the  Armorican  marginal  basin  north  of 
the  North  Gasgony  ridge  is  also  raised  by  these 
results.  It  is  either  a  piece  of  pre-Aptian  ocea¬ 
nic  crust  covered  by  a  thick  mesozolc  sediment  or 
it  may  be  thinned  continental  crust  as  at  Trevelyan 
covered  by  a  much  thicker  layer  of  lower  cretaceous 
sediments. 

In  the  Galicia  area,  the  magnetic  anomaly  map 
of  the  total  field  (fig.  23)  (SIBUET  et  al.,  in 
preparation  -  Groupe  Galice,  in  press)  covering  the 
western  Iberian  continental  part  of  Galicia  inclu¬ 
ding  Galicia  bank,  Vigo,  Porto  and  Vasco  de  Gama 
Seamounts,  is  characterized  by  magnetic  anomalies 
of  ±  150  gammas  without  an  obvious  grain  direction, 
typical  of  continental  areas.  Westwards,  a  north- 
south  positive  feature  has  been  interpreted.  South 
of  4I°N,  as  the  MO  anomaly  (Groupe  Galice,  in 
press) .  The  MO  anomaly  cannot  be  traced  north¬ 
wards.  Between  MO  and  the  well  defined  34  anoma¬ 
lies  exist  a  series  of  positive. and  negative  ano¬ 
malies  of  ±  150  gammas  more  or  less  continuous 
and  similar  to  the  magnetic  quiet  zone  anomalies 
described  in  the  Bay  of  Biscay.  Some  of  these 
magnetic  lineations  correspond  probably  to  an  iso¬ 
chron  in  the  quiet  magnetic  zone  and  could  be 
associated  with  the  small  reversals  observed  by 
Hailwood  et  al.  (in  press).  Northwards  of  41°N, 
where  the  MO  anomaly  is  not  defined,  the  transi¬ 
tion  between  continental  and  oceanic  crusts  is 
evidenced  by  steep  gradients  in  magnetic  anomalies 
and  is  well  defined  on  seismic  profiles  as  in 
North  Biscay.  Southwards  of  41 °N  and  East  of 
anomaly  M0,  the  Iberian  abyssal  plain  has  the 
same  magnetic  character  than  the  surroundings 
continental  area.  It  could  be  either  oceanic 
crust  older  than  Aptian  either  subsided  thin  con¬ 
tinental  crust.  The  beginning  of  oceanic  crust 
formation  is  clearly  dated  Latest  Aptian  (M0 
anomaly)  in  perfect  agreement  with  the  age  of  the 
end  of  rifting  phase  of  the  margin  as  shown  by 
site  398  results. 

The  post-rifting  subsidence.  Significant  faul¬ 
ting  of  the  post-rifting  sediments  is  absent  and 
only  local  cenozolc  deformations  are  observed. 
Post-rifting  subsidence  is  thus  characterized  by 
an  overall  tilting  of  the  margin  in  post  Aptian 
time  with  coupling  between  the  oceanic  and  conti¬ 
nental  crust.  The  absolute  subsidence  of  the 
margin  after  rifting  can  be  therefore  estimated 
by  the  difference  betveen  the  altitude  of  the  Ap¬ 
tian  horizon  at  the  end  of  rifting  and  today. 
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In  Galicia,  subsidence  cannot  be  determined 
on  a  transect  of  the  margin  by  lack  of  data  but 
can  be  estimated  in  the  area  of  site  398  (SI8UET 
and  RYAN,  in  press).  Since  at  site  398  we  have  no 
precise  paleodepths,  we  first  determined  the  sub¬ 
sidence  curve  (fig.  24)  of  a  subaerial  early  cre¬ 
taceous  erosional  surface  on  the  top  of  Vigo 
Seamount  (fig.  15,  17)  located  20  km  north  of  the 
site.  This  surface  which  was  at  the  sea-level  at 
the  end  of  rifting  in  Latest  Aptian  time  is  pre¬ 
sently  2,5  km  deep.  We  supposed  that  the  subsiden¬ 
ce  is  related  to  the  thermal  cooling  of  the  litho¬ 
sphere  since  the  opening  of  the  North  Atlantic, 
and  we  have  drawn  (figure  24)  a  subsidence  curve 
of  exponential  type.  We  have  supposed  that  the 
same  subsidence  curve  could  be  applied  to  the  site 
area  if  the  site  location  is  2  km  deeper  than  the 
present  depth  of  the  erosional  surface.  Consequen¬ 
tly,  the  paleodepth  of  the  acoustic  basement  should 
be  at  about  2,5  kilometers  in  Lower  Cretaceous  time, 
which  is  compatible  with  the  paleodepth  of  sediment 
emplaced  at  this  time.  The  local  isostatic  read¬ 
justment  has  been  calculated  using  shipboard  den¬ 
sity  measurements.  Compaction  has  been  taken  into 
accound  to  calculate  the  site  398  paleodepth.  The 
CCD  curve  have  been  superimposed  on  the  paleodepth 
curve.  Extrema  of  the  CCD  curve  are  arbitrary. 

On  the  contrary,  in  North  Biscay,  data  from 
leg  48  drillings,  dredgings  and  constraints  from 
seismic  reflection  profiles  allow  reconstruction 
of  the  topography  of  the  sea  floor  at  the  end  of 
rifting,  and  by  substraction  of  the  present  depth  ^ 
of  Aptian  calculation  of  the  absolute  subsidence 
along  a  transect  trough  the  margin.  The  results 
are  presented  on  a  simplified  section  (fig.  25) 
through  the  best  documented  area  of  the  margin 
from  the  shelf  edge  to  the  continental-oceanic 
crusts  boundary.  Although  post-rifting  sediments 
are  only  a  few  hundred  meters  thick,  an  isostatic 
correction  has  been  applied  to  the  Aptian  horizon 
for  a  local  loading  on  an  Airy-type  crust  (see 
for  example  WATTS  and  RYAN,  1 976) . 

From  fig.  25,  it  is  inferred  that  the  present 
depth  attained  by  a  point  on  the  margin  depends 
on  its  altitude  at  the  end  of  rifting  and  on  its 
distance  from  the  ocean-continent  boundary,  while 
the  absolute  value  of  subsidence  depends  only  on 
the  distance  to  the  ocean-continent  boundary.  It 
should  be  noted  that  estimation  of  the  subsidence 
of  a  margin  requires  knowledge  of  the  tonography 
at  the  end  of  rifting  which  may  be  difficult  to 
determine.  This  diagram  confirms  that  a  good  cou¬ 
pling  existed  between  the  continental  and  oceanic 
crusts  since  near  the  boundary,  the  continental 
crust  subsided  practically  as  much  as  the  adjacent 
oceanre  crust.  SLEEP  ( J 97 J )  suggested  that  due  to 
cooling  of  the  lithosphere  the  subsidence  rate 
would  decay  exponentially  with  time  and  that  the 
time  constant  of  subsidence  would  be  similar  to 
the  time  constant  of  subsidence  of  aid-ocean 
ridges,  i.e.  50  M.Y.  Fig.  25  shows  that,  for  the 
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Fig.  24.  Subsidence  versus  time  curve  at  site  398  (W.  Gaiic’a  margin). 


same  period  of  time,  say  120  Mi'  since  Aptian,  the 
amount  of  subsidence  is  not  the  ime  for  every 
point  of  the  margin,  so  that  the  time  constant 
cannot  be  the  same  for  the  whole  margin  if  subsi¬ 
dence  decreased  exponen.  '.ally  with  time.  Only  in 
the  lower  part  of  the  margin  is  the  constant 
similar  to  the  one  of  the  oceanic  crust.  There  is 
therefore  not  a  single  law  that  characterizes  the 
subsidence  of  a  whole  margin  but  one  law  for  each 
point. 

The  exponential  decay  of  the  subsidence  rate 
with  time  for  different  points  on  the  margin  can 
can  be  checked  from  paleodepth  estimate  for  diffe¬ 
rent  periods  of  time  after  Aptian.  In  the  case  of 
Biscay,  these  curves  cannot  be  drawn  with  preci¬ 
sion  since  paleodepth  estimates  from  paleontolo¬ 
gical  data  are  less  and  less  precise  for  increasing 
water  depths  and  for  increasing  ages.  Paleodepths 
estimate  for  the  Mesozoic  (DUPEUBLE,  in  press)  and 
for  Cenozoic  (SCHNITKER,  in  press  -  DUCASSE  and 
PEYPOUQUET,  in  press)  nevertheless  support  an 
exponential  decay  especially  at  site  401,  although 
elsewhere  there  is  no  contradiction  with  the  pale¬ 
ontological  and  sedimentological  data  (fig.  26). 
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In  the  lower  part  of  the  margin  where  the  conti¬ 
nental  crust  is  very  thin,  the  subsidence  rate 
is  not  too  different  from  the  subsidence  rate  of 
the  adjacent  oceanic  crust  but  towards  the  shelf, 
with  increasing  thickness  of  continental  crust, 
the  subsidence  rate  diminishes  considerably. 
Changes  of  slope  on  the  subsidence  versus  distan¬ 
ce  cur’e  (fig.  25)  reflect  probably  a  sharper 
change  in  thickness  of  the  continental  crust 
(fig.  18).  It  is  therefore  suggested  that  post 
rifting  subsidence  without  influence  of  loading 
is  essentially  an  isostatic  adjustment  to 
cooling  of  the  lithosphere  in  which  the  conti¬ 
nental  crust  has  been  previously  thinned  during 
the  rifting  process.  In  that  case,  one  can  expect 
i  relationship  between  the  absolute  subsidence 
of  a  point  on  a  margin  and  the  thickness  of  the 
continental  crust. 

The  Cenozoic  (Eocene)  deformations.  In 
S.  Biscay,  we  observed  that  after  rifting  of  the 
margin,  subsidence  occurred  tilting  regionally 
the  margin.  Rejuvenation  of  the  rift  faults  is 
not  observed  during  this  period,  although  it  way 
occur  on  other  margins  due  to  differential  loa- 
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Fig.  25.  Absolute  amount  of  subsidence  (full  line)  af’er  rifting  on  a  transect  through 
N.  Biscay  margin. 


ding  under  a  thick  sedimentary  cover.  The  absence 
of  tectonic  activity  is  in  good  agreement  with 
the  position  of  the  North  Biscay  margin  within 
the  European  plate  during  Cenozolc.  Nevertheless 
to  the  South,  the  northern  edge  of  Iberia  inclu¬ 
ding  Galicia  Bank  area  was  a  plate  boundary  where 
some  subduction  of  Biscay  oceanic  floor  occurred 
at  least  until  late  Eocene-01 igocene.  Intense  de¬ 
formations  linked  to  this  compression  phase  occur 
all  along  the  Northern  boui  Jary  of  Iberia  and 
Galicia  Bank  area  (Pyrenean  foldings)  (fig.  1). 
Eastwards,  towards  the  Mediterranean  area,  E»rcpe- 
Iberia  was  in  collision  with  Africa.  In  such  con¬ 
ditions,  intraplate  deformations  can  occur  and 
indeed  have  been  described  both  in  the  oceanic 
and  contin. ntal  parts  of  the  European  and  Iberian 
plates.  Moreover,  South  of  Iberia  along  Betics 
and  Magrebian  ranges,  intense  early  to  middle 
Miocene  tectonics  occurred.  Some  deformations  of 
this  age  can  be  observed  northwards  until  the 
southern  part  of  Galicia  Bank  area. 

In  the  Galicir.  area  (Groupe  Galice,  in  press)  the 
large  faults  which  runs  along  the  northwest  edge 


of  Galicia  Bank  continues  in  the  southwest  as  a 
flexure  which  affects  the  Mesozoic  and  Eocene 
layers  without  disturbing  more  recent  deposits. 
Movements  of  the  same  age  are  also  visible  in  the 
Interior  basin.  At  the  foot  of  the  northwestern 
Galicia  bank,  the  deformations  are  much  more  inten¬ 
se  with  clear  reverse  faults  linked  with  some 
overthrusting  of  Galicia  Bank  over  the  oceanic 
crust  (fig.  27). 

Another  way  to  quantify  cenozolc  deformations 
on  the  continental  margin  is  to  follow  the  shape, 
slope  and  altitude  of  the  lower  Cretaceous  ero- 
sional  surfaces.  Figure  17  shows  significant  dif¬ 
ference  in  the  altitude  of  these  surfaces  between 
the  southern  part  (2,5  -  2,8  km)  and  the  Gal  .cia 
Bank  (1,5  km).  This  could  be  explained  by 
uplifting  of  Galicia  Bank  during  the  Eoc'm  com- 
pressional  events;  Nevertheless,  if  one  takes  into 
account  the  relationship  between  subsidence  and 
thickness  of  continental  crust  as  established  in 
N.  Biscay,  the  higher  level  of  the  surface  of 
Galicia  Bank  s.s.  could  be  explained  also  by 
thicker  continental  crust  there  than  southwards. 
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In  the  oceanic  area,  to  the  north  the  tectonized 
area  (fig.  1)  along  Iberia,  numerous  areas  uplif¬ 
ted  during  late  Eocene  can  be  defined  (MONTADERT 
et  si.,  1971  -  GRAU  et  al.,  1972  -  MONTADERT  et  al., 
1 97A)  from  seismic  reflection  and  drilling.  On 
uplifted  areas,  thin  pelagic  post  Eocene  sediments 
were  deposited  (DSDP  site  119,  LAUGHTON,  BERGGREN 
et  al.,  1972)  and  are  easily  distinguished  from 
turbidites  deposited  around  the  high  points.  Nume¬ 
rous  faults  of  this  age  are  also  visible  in  the 
abyssal  plain  as  well  as  on  the  continental  margin. 
Their  occurrence  has  led  to  overestimates  of  their 
role  on  the  formation  of  the  continental  margin. 

On  land,  numerous  studies  show  that  deformation 
occurred  in  the  whole  continental  domain  at  the 
same  period  (DE  CHARPAL  et  al.,  1974,  TREMOLIERES, 
to  be  published)  in  France,  Eng1 and,  Germany,  lin¬ 
ked  to  compression  along  a  10°  -  20°  E  direction. 
Another  compressional  event  occurred  since  Miocene 
time  but  seems  to  be  restricted  mainly  to  the 
Southeastern  part  of  toe  Paris  basin.  The  whole 
European  plate  was  submitted  during  late  Eocene- 
01  igocene  to  compression  in  the  oceanic  domain  as 
well  as  in  the  continental  one.  Following  orienta¬ 
tion  of  the  pre-existing  structures,  this  compres¬ 
sion  created  strike-slip  faults,  reverse  faults, 
folds,  etc... 


On  the  North  Biscay  margin,  the  new  seismic 
profiles  allows  a  better  estimate  of  the  Cenozolc 
deformations.  Faults  are  relatively  restricted  to 
some  areas  (fig.  11)  and  the  most  striking  featu¬ 
res  are  observed  along  the  Trevelyan  escarpment. 
Along  an  E.W.  belt,  numerous  faults,  including 
reverse  faults,  affected  the  series  incl-ding 
Formation  2  (fig.  28).  The  faulting  caused  up¬ 
lift  that  created  the  Trevelyan  escarpment.  This 
strongly  tectonized  E.W.  belt  disappears  progres¬ 
sively  towards  the  N.W.,  as  indicated  by  the  dis¬ 
appearance  of  the  escarpment,  and  merges  into 
almost  a  single  fault  system  oriented  NW-SE  whi»h 
can  be  followed  as  far  as  the  south  of  Goban 
Spur  (fig.  11).  This  fault  is  interpreted  as  a 
strike  slip  fault  because  of  absence  of  vertical 
throw  and  deformation  of  layers  on  both  sides  as 
in  drag  folds.  Other  effects  of  late  Eocene 
deformations  include  maybe  narrow  elongated  folds, 
broadly  oriented  EW,  on  top  and  along  Trevelyan 
escarpment  and  Meriadzek  escarpment.  In  a  few 
cases,  rejuvenation  of  rift  faults  is  visible. 

The  Cenozoxc  deformations  observed  in  this  part  of 
the  margin  accord  with  an  almost  N.S.  direction  of 
Eocene  lateral  compression  as  determined  on  land. 
Reverse  faults  and  even  some  thrusting  is  observed 
when  a  pre-existing  almost  EW  discontinuity  exis¬ 
ted  in  the  basement.  This  is  true  for  the  Trevelyan 
escarpment  which  is  situated  at  the  junction  bet¬ 
ween  the  oceanic-continental  crusts  boundar"  and 
the  important  structural  boundary  separating  the 
western  Approaches  margin  from  the  Armorican  mar¬ 
gin  ana  the  Armorican  marginal  basin  (fig.  1). 

This  is  true  also  for  the  uplifted  area  oriented 
E.W.  in  the  center  of  Biscay  with  some  features 
like  Cantabria  Seamount,  which  are  controlled  by 
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a  very  sharp  rise,  orienteo  E.W.,  or  the  Ocean 
crust.  When  the  discontinuities  or  inhomogeneities 
in  the  basement  are  oriented  differently  for  exam¬ 
ple  NK-SE  like  the  North  Biscay  and  American 
margins  or  the  North  Gascony  ridge  in  the  central 
part  c:  Biscay,  the  Eocene  compression  is  marked 
essentially  by  f  ults  with  a  strike  slip  component . 

Conclusion 

A  scheme  of  the  structural  evolution  of  a  star¬ 
ved  passive  continental  margin  can  be  proposed 
from  DSDP  drilling  results  combined  with  intensive 
geophysical  surveys.  Environment  and  tectonics  of 
the  rifting  phase  has  been  established  :  active 
rifting  took  place  in  Lower  Cretaceous  time  in  a 
pre-existing  marine  basin  and  with  no  volcanic  ac¬ 
tivity  in  contrast  to  many  subaerial  rift  systems. 
The  overall  tectonic  style  is  characterized  by  a 
seiies  of  tilted  fault  blocks  bounded  in  many 
cases  by  listric  faults.  The  rotation  of  the  blocks 
(20-30°)  along  listric  faults  reduced  the  thick¬ 
ness  of  the  upper  continental  crust  from  6-8  km 
to  4-5  km.  Close  to  the  near  horizontal  base  of 
the  listric  faults,  a  strong  horizontal  reflector 
corresponding  to  the  6, 3-4, 9  kn/s  refraction 
interface  has  leen  interpreted  as  the  boundary 
between  the  upper  brittle  and  the  lower  ductile 
continental  crusts.  The  Moho  discontinuity  25  kc 
deep  in  the  vicinity  of  the  shelf  break  is  12  km 
deep  in  the  lower  part  of  the  margin.  In  this  area 
the  ductile  part  of  the  crust  (6,3  km/s)  is  only 
3  km  thick.  Drill  dredge  and  seismic  reflection 
data  allow  to  reconstruct  the  topography  of  sea 
floor  at  the  end  of  rifting  in  Aptian  time.  In  the 
axis  of  the  rift  system,  submarine  troughs  2,5  km 
deep  existed.  The  thinning  of  the  continental 
crust  cannot  be  explained  by  the  10-15  %  of  exten¬ 
sion  estimated  for  the  upper  brittle  part.  One 
suggests  that  the  ductile  part  of  the  crust  is 
thinned  by  creep  in  response  to  tension  in  the 
continental  plate.  Rift  would  not  be  related  to 
doming  of  the  continental  crust  but  merely  to 
stretching  of  the  lithosphere  as  a  response  to 
intraplate  stresses.  Knowing  the  topography  of 
the  sea-floor  at  the  end  of  rifting  and  the 
present  depth  of  the  Aptian  datum,  one  can  deter¬ 
mine  the  absolute  amount  of  subsidence  on  a 
transect  of  the  margin  after  the  beginning  of 
accretion  (late  Aptian  time).  This  value  decrea¬ 
sed  continuously  from  the  oceanic-continental 
crust  boundary  (40C0  m)  to  the  shelf  break.  For 
each  point  of  the  margin,  the  subsidence  \ersus 
tick-  curve  is  an  exponential  whose  time  constant 
increases  with  depth.  This  suggests  that  post 
rifting  subsidence  was  essentially  an  isostatic  -5 
adjustment  to  cooling  of  the  lithosphere  in  which- ft 
the  continectal  crust  has  been  previously  thinned 
during  the  rifting  process.  ' 
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Abstract.  The  geodynamic  and  sedimentary 
evolution  of  the  Northwest  African  continental 
margin  at  Cape  Bojador  is  well  documented  by  a 
transect  of  DSDP  sites,  commercial  wells,  and 
seismic  surveys  (Fig. 1-3).  This  evolution  is 
mainly  influenced  by  vertical  tectonics  (subsi¬ 
dence),  sediment  supply  from  the  continent, 
volcanism  of  the  Canary  Islands,  and  global 
fluctuations  of  sea  level,  climate,  and  surface 
or  deep-water  circulation. 

Jurassic  shallow-water  carbonates  deposited 
on  a  steadily  subsiding  shelf  are  overlain  by  a 
very-thick  Cretaceous  Wealden-type  deltaic  se¬ 
quence  with  an  upward  and  seaward  facies  tran¬ 
sition  from  continental  elastics  to  lagoonal/ 
intertidal  deposits,  delta  front  sediments,  and 
laminated  prodelta  muds  (Fig. 5).  Distal  tur- 
bidites  reached  the  Moroccan  Basin  and  the  deep- 
sea  fan  recorded  in  the  flysch-type  sediments 
of  Fuerte ventura.  Many  similar  "Wealden-type" 
deltas  were  built  out  along  the  narrow  .Neocomian 
North  Atlantic  (Fig. 4). 

A  conspicuous  unconformity  with  a  100  m.y. 
hiatus  cuts  1-3  k.i  deep  into  the  upper  continen¬ 
tal  rise.  This  is  the  result  of  a  major  erosig- 
nal  event  which  removed. about  7,500-15,000  km 
of  lower  slope  and  upper  rise  sediments  (erosion 
rate  >100  m/m.y.)  and  may  have  destroyed  evidence 
ol  several  previous  hiatuses.  The  mid-Cenozoic 
slope  rejuvenation  was  probably  caused  by  the 
coincidence  of  a. major  regression  with  intensi¬ 
fied  bottom  water  circulation  during  late  Oligo- 
cene  to  earliest :Miocene  times.  The  oversteepe¬ 
ned  escarpment  was-rapidly  covered- by  early  to 
middle  Miocene. gray itative  sediments  (debris 
flows,  turbidites, -slumps),  derived  primarily 
from  the  Cape. Bojador  margin  and  partly  from 
more  distant  source  areas  (Fig. 7).  The  slope 
was  gradually  stabilized  and  equilibrium  condi¬ 
tions  ensued  (Fig.6).  This  thick  flysch-type  se¬ 
diment  sequence  occurs  in  a  "passive"  margin 
setting  with  no  obvious  local  tectonic  deforma¬ 
tion;  “  - 

Early  to  middle  Miocene  debris  flow  deposi¬ 
ted  volcaniclastic  sandstones  and  hyaloclastites 


evidence  the  evolution  of  the  Canary  Island  up¬ 
lift  and  volcanism  from  a  submarine  to  a  subae¬ 
rial  shield  stage.  Air-fall  ash  layers  record 
the  post-middle  Miocene  volcanic  history  of  the 
individual  islands  (Fig. 8). 

In  the  uniformly  subsiding,  12-15  km  thick 
"Cape  Bojador  marginal  basin"  below  the  present 
shelf,  slope  and  upper  rise,  the  Jurassic  subsi¬ 
dence  rates  were  high  (80-120  m/m.y.);  they  in¬ 
creased  slightly  during  the  Early  Cretaceous 
(130-140  m/m.;.)  and  decreased  more  or  less 
exponentially  during  the  Late  Cretaceous  and 
Cenozoic  to  about  15  m/m.y.  After  mid-Cretaceous 
times,  the  accumulation  rates  lagged  behind 
subsidence  rates,  causing  a  gradual  deepening 
of  the  outer  margin  from  a  few  hundred  meters 
to  its  present  depth. 

Introduction 

During  the  past  decade  the  Cape  Bojador  mar¬ 
gin  has  become  one  of  the  best  documented  Atlan¬ 
tic-type  continental  margins.  This  is  mainly  due 
to  detailed  seismic  surveys  (e.g.  Hinz  et  al. , 

1974;  Seibold  and  Hinz,  1974;  Uchupi  et  al. , 

1976;  Lehner  and  be  Ruiter,  1977;  Vail  et  al. , 

1977;  Hinz,  in  press;  Wissmann,  in  press)  in.con- 
junctionwith  Deep  Sea  Drilling  on  a  transect 
from  the  outer  and  intermediate  rise  (Leg  14 
Sites  138-140)  to  the  uppermost  rise  (Leg  47A- 
Site  397:  von  Rad,  Ryan  .et  al. .  in  press)  and 
slope  (Leg  41-Site  369:  Lancelot,  Seiboldet  al. ■ 

1977) .  Dredging -and  coring  along  lower  slope 
canyons  (von  Rad  et  al . ,  1979),  and  several  on- 
and- offshore  commercial  boreholes  in  the  Aaiun 
Basin  (AUXINI,  1969;  CONOCO,  1969)  supplement 
this  information  and  help  to  bridge  the  gap 
between  the  deep-sea  record  and  the  geology  of 
the  shelf  and  the  adjacent  coastal  basin  expo¬ 
sed  on  land  (Ratschiller,  1970;  Wiedmann  et  al., 

1978) . 

Tentative  syntheses  on  the; evolution  of  the 
mature  Northwest  African  passive  margin  are  ba¬ 
sed  on  the  information- of.  bSDP  Leg  14  (Berger 
and  von  Rad,  1972),  Leg  41  (Lancelot  and  Sei- 
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bold,  1977),  Leg  47A  (e.g.  Arthur  et  al, ,  in 
press;  Cita  and  Ryan,  in  press),  Leg  50  (Win¬ 
terer,  in  press),  and  on  the  geology  of  the  coa¬ 
stal  basins  (Wiedmann  et  al . ,  1978). 

The  drilling  and  continuous  coring  of  Site 
397  at  the  uppermost  rise  off  Cape  Bojador  has 
revealed  an  unexpectedly  tnick  (1300  m),  complex 
Neogene  section  directly  overlying  prodelta 
mudstones  of  Early  Cretaceous  (Hauterivian)  age. 

In  this  paper,  we  summarize  some  of  the  outstan¬ 
ding  Leg  47 A  results  in  the  context  of  infor¬ 
mation  from  nearby  drilling  sites,  offshore  com¬ 
mercial  wells,  dredges  and  cores,  and  seismic 
records.  We  restrict  ourselves  to  a  brief  dis¬ 
cussion  of  the  following  topics,  which  are  co¬ 
vered  in  more  detail  in  the  indicated  publica¬ 
tions:  (1)  the  Early  Cretaceous  "Wealden-type" 
deltaic  facies  off  Northwest  Africa  and  around 
the  North  Atlantic  (Einsele  and  von  Rad,  in 
press);  (2)  the  massive  mid-Cenozoic  erosional 
event  which  stripped  1-3  km  of  Early  Cretaceous 
to  Paleogene  sediments  from  the  uppermost  rise 
and  lower  slope  (Arthur  et  al. ,  in  press);  (3) 
the  subsequent  early  Neogene  sedimentation  of 
predominantly  allochthonous  lithotypes  which 
led  to  a  gradual  stabilization  of  the  slope 
(Arthur  and  von  Rad,  in  pres.s);  (4)  the  Neogene 
evolution  of  the  Canary  Island  volcanism,  in¬ 
ferred  from  the  record  of  volcaniclastic  debris 
flows  and  ash  layers  (Schmincke  and  von  Rad,  in 
press);  and  (5)  the  Mesozoic-Cenozoic  evolution 
of  paleobathymetry,  sedimentation  rates,  and 
subsidence  of  the  Cape  Bojador  continental 
margin  recorded  in  drillsites  from  the  present 
shelf,  slope,  and  upper  rise  (vcn  Rad  and  Ein¬ 
sele,  in  press). 

Geological  Setting  of  the  Cape  Bojador  Margin 

The  Northwest  African  margin  has  received  con¬ 
siderable  interest  by  the  Deep  Sea  Drilling  Pro¬ 
ject  (DSLP)  and  International  Phase  of  Ocean 
Drilling  (IPOD).  Between  southern  Portugal  and 
the  Cape  Verde  Islands  15  holes  were  drilled  during 
Legs  2,  13,  14,  41,  47A,  and  50,  and  additional 
sites  are  planned  for  IPOD  II.  Of  special  im¬ 
portance  for  our  disscussion  are  the  almost 
continuously  cored  Sites  369  (Leg  41)  and  397 
(Leg  47A)  off  Cape  Bojador  (Fig.lj. 

The  Cape  Bojador  continental  margin  is  the 
seaward  extension  of  the  Aaiun-Tarfaya  coastal 
basin  which  is  bounded  on  the  east  and  south  by 
the  Paleozoic  fold  belt  of  the  Mauretanides  and 
the  Precambrian  Requlbat  Massif,  and  to  the 
north  by  the  Precambrian; Antiatlas  High  and  the 
South  Atlas  Fault.  To  the  west,  the  coastal 
basin,  .which  is  filled  by  unfolded  Mesozoic  and 
Tertiaryshallow-water  sediments,  extends  far  out 
onto  the  continental  margin.  Basedoninterval 
velocitiesin  commercial  multichannel  -  seismic- 
lines  ahdan-oceanic  crust  sloping  towards  the 
continental  margin,  the  thickness  of  the  basin 
fill  reaches. ,12-15  km  under  the  present  shelf 
and  slope  (Fig.l  and  3A;  cf.  Wissmann  in'  von 


Rad  et  al. .  1979).  During  middle  Tertiary  times, 
the  uplift  of  the  Canary  Archipelago  and  Concep¬ 
tion  Bank  created  a  partly  closed  Neogene  basin 
between  Cape  Bojador  and  the  oldest  eastern 
Canary  Islands.  The  ocean/continent  boundary 
probably  lies  close  to  the  presei.  lower  continen¬ 
tal  slope.  True  oceanic  basement  is  found  seaward 
of  Gran  Canaria  (Dash  and  Boshardt,  1969;  W ~s- 
mann,  personal  communication) .The  extent  of  a. 
early  Jurassic  offshore  "salt  basin"  is  recogni¬ 
zed  from  diapiric  structures  and  is  restricted 
to  an  elongated  area  north  of  a  line  connecting 
the  South  Atlas  Fault  with  the  Canary  Arch  (Beck 
and  Lehner,  1974;  Wissmann,  in  press).  The  "slope 
anticline"  (Hinz  et  al. ,  1974)  is  probably  not  a 
compressional  feature,  but  was  caused  by  differen¬ 
tial  sedimentation  and  subsidence  between  the 
coastal  basin  and  the  outer  continental  margin 
(Lancelot  and  Seibold,  1977)  and/cr  flexural 
response  (isostatic  rebound)  to  the  accentuated 
mid-Tertiary  erosion  of  the  lower  slope  and 
uppermost  rise  (Arthur  et  al. ,  in  press). 

r; gure  2  gives  an  overview  of  the  lithostra- 
tigraphy  of  seven  DSDP/IPOD  sites  across  the 
Northwest  African  margin  projected  onto  a  west- 
east  profile  from  the  abyssal  hills  to  the  con¬ 
tinental  rise,  slope  and  shelf  off  Cape  Bojador. 
The  commercial  shelf  well  Spansah  51A-1  penetra¬ 
ted  a  3.3  km  thick,  rather  complete  Early  Cre¬ 
taceous  to  Neogene  section  of  the  outer  Aaiun 
Basin  (CONOCO,  1969).  The  major  depocenters  off 
Northwest  Africa  are  the  "Cape.  Bojador  marginal 
basin"  (von  Rad  and  Einsele,  in  press)  between 
the  shelf  and  the  uppermost  rise,  and  the  Moroc¬ 
can  Basin.  Unfortunately,  a  very  large  portion 
of  the  stratigraphic  record  is  lost  in  those 
margin  sites  due  tc  Late  Cretaceous,  early  Ter¬ 
tiary  and  mid-Tertiary  erosional  events.  Sea¬ 
ward,  f'e  thickness  of  the  sediments,  the  sedi¬ 
mentation  rates,  and  the  h'atus  durations  de¬ 
crease  considerably. 

Extremely  thick  terrestrial  to  marine  deltaic 
sediments  grading  into  a  prodelta  mud  (397)  and 
distal  turbidite  facies  (416)  characterize  the 
Early  Cretaceous  record  of  the  West  African  con¬ 
tinental  margin.  Mid-Cretaceous  sediments  inclu¬ 
ding  organic-rich  "black  shales"  are  common  un¬ 
der  the  present  shelf  (51A-1),  slope  (369)  and 
upper  rise  (370/416),  as  well  as  in  the  deeper 
ocean  (137,138).  Late  Cretaceous  sediments  are 
well  preserved  in  the  shelf  well  and,  in  part, 
in  Site  369. 

The  Paleocene  and  Eocene  is  often  separated 
from  the  Late  Cretaceous  record  by  an  hiatus, 
and  consists  of  limestones,  marls  and  cherts  in 
the  shallower  sites,  and  of  more  or  less  silice¬ 
ous  clays,  when  deposited  below  the  CCD.  Oligo- 
cene  sediments  are  conspicuously  missing  on  the 
shelf  and  in. the  rise  Sites  140  and  397, 
whereas  the  Oligocerie  record  is  preserved  in 
Sites  369  and  138:  At  the  uppermost  rise  (Site 
397 ) ,  a  1300  ra  thick  Neogene  section  overlies 
directly  Hauterivian  sediments .  Also  at  the  in¬ 
termediate  rise  off  Cape  Blanc  (Site  139)  the 
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Spansah  51A-1  well  after  CONOCO  (1969;  note  diffe' 
:he  Initial  Reports  of  the  Deep  Sea  Drilling  Pro- 


Neogene  section  is  comparatively  thick  (1100  m, 
Wissmann,  personal  communication). 

Figure  3A  shows  a  generalized  cross-section 
across  the  Aeiun  Basin  and  the  continental  mar¬ 
gin  off  Cap  Bojador,  based  on  seismic  reflec¬ 
tion  and  refraction  date,  onshore  commercial 
wells,  two  offshore  shelf  wells,  and  two  DSDP 


Sites.  Continental  basement  consisting  of  cry¬ 
stalline  rocks  of  the  Requibat  Massif  was  reached 
at  Well  56-1  and  is  estimated  to  lie  12-15  km 
beiow  the  present  shelf  and  slope.  The  basement 
Is  overlain  by  possibly  Triassic  terrestrial 
sandstones  and  conglomerates  (56-1)  and  by 
Jurassic  evaporites,  carbonates  and  elastics 


of  shallow-water  origin.  These  sediments  attain 
a  thickness  of  up  to  8  km,  especially  below  the 
present  shelf  and  upper  slope. 

The  Early  Cretaceous  is  represented  by  a  very 
thick  Wealden-type  deltaic  sequence  of  continen¬ 
tal  elastics  (Well  43-1).  Seawards,  they  grade 
into  lagoonal  to  intertidal  deposits  (51A-1),  in¬ 
to  shallow-marine  deltaic  sediments  (possibly 
below  Site  369),  and  finally  into  distal  pro¬ 
delta  muds  (Site  397).  The  maximum  sediment 
thickness  of  4  km  is  reached  in  the  inferred 
delta-front  environmen  below  the  present  slope. 
Late  Cretaceous  sediments  are  much  thinner  and 
only  preserved  landward  of  the  intermediate 
slope.  thickness  inci eases  from  60  m  in 

Site  369  (be  mded  by  hiatuses)  to  915  m  in  Site 
51A-1.  Only  ,  few  hundred  meters  of  Paleogene 
sediments  were  deposited  without  any  prograda¬ 
tion.  They  were  also  eros tonally  truncated  sea¬ 
ward  of  the  intermediate  slo.je. 

The  Neogene  below  the  :nne;  continental  mar¬ 
gin  is  extremely  thin,  because  most  sediment  by¬ 
passed  this  area  on  its  way  to  the  rise  and  pre¬ 
vented  any  outbuilding  of  the  slope.  Below  the 
uppermost  rise  and  lower  slope,  however,  the 
oversteepened  pre-Miocene  erosional  surface  is 
covered  by  thick,  rapidly  deposited  early  Neo¬ 
gene  mass  flow  units  They  are  followed  by  a 
thick  drape  of  undisturbed  middle  Miocene  to 
Quaternary  hemipelag.c  deposits,  which  afford 
an  unusually  good  resolution  for  magnetic,  iso¬ 
topic,  biostratigraphic,  and  sedimentological 
studies. 

Early  Cretaceous  "Wealden"  Facies 

During  latest  Jurassic  and  earliest  Cretace¬ 
ous  times  the  proto-Atlantic  Ocean,  as  recon¬ 
structed  by  Sclater  et  al.  (1977)  and  McCoy  and 
Zimmerman  (personal  communication)  was  only  1000- 
1500  km  wide,  and  not  deeper  than  4  km  (Fig. 4). 
Along  the  southeastern  and  northwestern  margin 
of  this  narrow  ocean,  huge  "Vlealden-type"  deltaic 
systems  were  built  out,  shedding  large  amounts 
of  terrigenous  clastic  sediments  onto  alluvial 
plains  and  adjacent  freshwater  lakes,  brackish 
seas,  shelves,  and  slopes.  The  widespread  devel¬ 
opment  of  a  regressive  deltaic  facies  around  the 
North  Atlantic  coincides  with  a  major  global  sea 
level  lowstand  during  the  Vaiangihian  following 
a  sea  level  fall  about  132  m.y.  ago  (Vail  et 
al. ,  1977).  The  earliest  Cretaceous  may  be  an 
"oligotaxic"' period,  characterized  by  relatively 
low  marine  temperatures,  sharp  latitudinal  and 
vertical  temperature  gradients,  intensified 
oceanic  circulation,  and  global  regression 
(Fischer  and  Arthur,  1977). 

The  "Wealden"  (s.str.)  is  a  facies  designa¬ 
tion  for  a  200-500  m  thick  sequence  of  fluviati- 
le,  lacustrine, -Or  brackish,  lignite-rich  sand¬ 
stones,  siltstones,  arid  shales  which  were  depo¬ 
sited  during  the  Berriasian  to  Barremian  early- 
ri ft  stages  of  the  Northeastern  Atlanti c  (Allen, 
■1959,  1975). 


In  the  Aaiun  Basin,  a  very  thick  (1-3  km) 
pile  of  deltaic  sediments  prograded  over  the 
Tithonian  to  Berriasian  carbonate  platform  and 
produced  a  seaward  thickening  clastic  wedge  with 
a  system  of  antithetic  gravity  faults  (see  Fig. 3; 
Vail  et  al. ,  1977).  in  a  generalized  way.  Figure  5 
shows  the  vertical  and  horizontal  facies  changes 
after  the  formation  of  the  widespread  Early  Cre¬ 
taceous  Wealden-type  delta  system  detected  off 
Cape  Bojador  (Einsele  and  von  Rad,  in  press). 

This  reconstruction  represents  the  depositional 

environment  between  the  shelf  well  51A-1 

(Fig. 1,2)  and  the  uppermost  continental  rise  (Si- 


Figure  4.  "Wealden"-Facies  around  the  Early  Cre¬ 
taceous  North  Atlantic.  Paleogeography  and  pa- 
leobathymetry  modified  from  McCoy  and  Zimmerman 
(in  preparation)  and  various  other  sources.  1  = 
paleo-coastline,  2  =  present  coastline,  3  =  Mid- 
Atlantic  Ridge,  4,5  =  2  km  and  4  km  isobath,  6  = 
DSDP  Site,  7  =  mainly  nonmarine  "Wealden"-type 
deposits  (alluvial;  fluviatile,  lacustrine,  estua- 
ine,  deltaic),  8  =  nonmarine  sediments,  grading 
seaward  into  deltaic-marine  (delta-front,  prodel¬ 
ta  etc)  subenvironments,  9  =  estimated  directions 
of  sediment  supply.  A  =  Aquitaine  (Parentis  and 
Adour  Basins),  BC  -  Baltimore  Canyon  Trough,  CB  = 
Cape  Bojador  marginal  basin,.  CT  =  Cantabrian 
Trough,  CH  -  Cheseapeake  Bay  (Potomac  Formation) , 

DK  = -eastern  Denmark  and  southern  Sweden,  GB  = 
Georges  Basin,  I  =  Iberic  Ranges  (Sierra  de  los 
Cameros,  Maestrazgo  Basin),  LS  =  Lower  Saxony  and 
Central  Germany,  M  =  "Atlas  Gulf”  (Moroccan  Basin), 
't-  Lusitanian  Basin,  NF  =  eastern  Newfoundland 
an d  Fie mish  Basins, . ~ NP  r  North— Portuguese— Gall cian 
Basin,  P  =  nor.thefp^FrLnce  (Paris  Basin);  Po  s 
Poland,  S  =  Scotian'iBasin,  w  =  Wealdehibf  :south- 
east  England.  ’  . 
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te  397)  during  Early  and  "middle"  Cretaceous 
times.  Overlying  the  fluvial  delta  plain  sand 
with  gravel  and  redbeds  we  observe  a  landward 
migration  of  lagoonal  and  tidal  silts  and  clays. 
These  sediments  are  overlain  by  sublittoral  to 
inner  shelf  deposits  (e.g.  coquii.as),  indicating 
a  relative  sea  level  rise  ("coastal  onlap")  du¬ 
ring  upper  Early  Cretaceous  times.  In  front 


of  large  river  mouths  marine  d-lta  front  sands 
(expected  to  underly  Site  369;  fig. 3)  were  depo- 
ited.  This  moved  the  shoreline  seaward.  Einsele 
ind  von  Rad  (in  press)  interpreted  the  finely 
laminated  Hauterivian  mudstones  of  Site  397  as 
distal  prodclta  muds  which  were  rapidly 
(75-150  m  /ra.y.)  deposited  by  turbid  layer  trans¬ 
port  in  an  oxygen-depleted  slope  environment  in 
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Figure  5.  Block  diagram  showing  facies  model  of  the  Early  Cretaceous  Vealden-type  delta  on  the 
Northwest  African  continental- margin  between  Site  397  and  the  Aaiun  Basin  (after  Einsele  and 
von  Rad,  in  press).  To  characterize  the  various  clastic  subenvironments,  typical  generalized 
sections  of  on-and  offshore  wells  and  outcrops  representing  a  sediment  thickness  of  1  to  3  m 
are  show:  A  =  alluvial  delta-plain  sands,  gravel  and  redbeds  (Aaiun  Ba-in);  B  =  interdistribu¬ 
tary  lagoonal  clays,  silty  slays,  dolomitic  silts,  gypsiferous-marls  and  .limestones  (Spansah 
51A-1);  C  =  intertidal  muds  and  sands  near  Tarfaya;  D  =  delta  front  sands  end  F  =  marly,  bio- 
clastic  sands  and  shell  beds  of  shelf  adjacent  to  deltaic  environment;  G  =  prodelta  silty  clays 
and  clayey  silts  (Site  397),  H  =  dark  bituminous  well-laminated  marls  ( Cenomanian-Turonian , 
Tarfaya). 
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a  few  hundred  meters  of  water.  The  lithology, 
sparse  fauna,  and  sedimentary  fabric  is  compa¬ 
rable  with  that  of  fossil  or  recent  prodelta 
muds  (e.g.  the  Niger  delta). 

Later  on,  a  distinct  shelf  edge  and  slope 
was  created  and  deep  oceanic  circulation  initia¬ 
ted.  Thinly  laminated  bituminous  marls  with 
micritic  limestones  and  cherts  {Tarfaya  3asin) 
accumulated  in  relatively  deep  water  during  late 
Cenomanian  to  Turonian  times,  probably  under  up- 
welling  and  expanded  oxygen  minimum  conditions 
(see  Fig. 5:  Einsele  and  Wiedmann,  1975).  In  the 
Aaiun  Basin,  the  mid-Cretaceous  transgression 
ended  the  '*'eaiden-type  phase  of  prograding  deltas, 
and  caused  a  landward  facies  migration,  an  up¬ 
ward  decrease  of  terrigenous  input,  and  an  in¬ 
crease  of  biogenic  carbonate  sedimentation. 

Fitchum  and  Vail  (1977)  described  a  similar 
facies  transition  from  the  Tan-Tan  delta  under 
the  present  shelf  north  of  the  northern  Aaiun 
Sasin.  There  Vaianginian  to  Barremian  nonnarine 
to  shallow-marine  sediments  grade  seaward  into 
slope  sediments  with  a  downlap  relationship  to 
the  lower  boundary.  The  upper  part  of  this  se¬ 
quence,  however,  shows  a  seaward  progradation  of 
shelf  sediments  over  slope  deposits. 

We  can  study  the  seaward  continuation  of  this 
facies  in  the  Vaianginian  to  Hauterivian  (?) 
outcrops  of  the  uplifted  and  deeply  eroded  ol¬ 
dest  sediments  of  Fuerteventura,  where  flysch- 
like,  cross-laminated  siltstone/shale  alterna¬ 
tions  with  flute  casts  suggest  a  distal  deep-sea 
fan  or  rise  environment  (D.  Bernoulli,  personal 
communication).  The  alternations  of  rapidly  de¬ 
posited  (125  a/a. y.)  late  Vaianginian  to  Hauteri¬ 
vian  mudstones  with  thin  fine-grained  distal 
turbidites  penetrated  at  Site  416  in  the  Moroc¬ 
can  Basin  (Shipboard  Scientific  Party,  1977)  in¬ 
dicate  a  comparable  (?  upper)  rise  environment. 

Jansa  and  Wade  "9 75)  described  nonmarine  to 
marine  deltaic  sequences  from  the  Newfoundland 
and  Nova  Scotian  shelves.  There  the  Verril 
Canyon  Member  of  the  Berriasian  to  Barremian 
Missisagua  Formation  is  very  similar  to  the  Hau¬ 
terivian  pr^delta  facies  of  Site  397.  .More  than 
1  km  thick  terrestrial  to  very  shallow-water 
clastic  sediments  were  also  penetrated  by  the 
COST  B-2  well  in  the  Baltimore  Canyon  Trough  off 
New  Jersey  (Scholle,  1977)  and  inferred  for  the 
Georges  Bank  Basin  (Schlee  et  al- ,  1977). 

The  Pre-Hiocene  Sculpturing  of  the 
Base-of-the-Slope 

Drilling  at  Site  397  reveiled  that  the  com¬ 
plete  Late  Hauterivian  through  Oligocene  sedi¬ 
mentary  record  is  missing  (Fig. 3A, 6).  The  gra¬ 
dient  of  this  conspicuous  base-of-slope  uncon¬ 
formity-  which  truncates  strata  of  earliest  to 
"middle"  Cretaceous  age  decreases  gradually  from 
the  lower  slope  (maximum:.  7-15°)  tc.  ine  upperv 
most  rise. 

The  timing  of-  -this  large-scale  -eros ional 
event  if  the  foot  of  the  continental  slope -can 
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Be  attempted  by  seismic  stratigraphy  (Wissnann, 
in  press)  using  control  provided  by  the  sequen¬ 
ce  drilled  at  the  nearby  slope  Site  369.  on- 
and  offshore  wells  of  the  southern  and  central 
Aaiun  Basin  (AUXIHI,  1969;  von  Rad  and  Einsele, 
in  press!  and  the  Tarfaya  Basin  northeast  of 
Cape  Juby  (Vail  and  Mitchum,  1977),  where  the 
hiatus  durations  are  much  shorter.  This  informa¬ 
tion  suggests  that  the  100  m.y.  hiatus  at  Site 
397  might  include  four  consecutive  erosional 
events:  (l)  an  early  Late  Cretaceous  event  (? 
Turonian-Coniacian,  Site  369);  (2)  an  (?  early; 
Paleocene  erosion  (e.g.  Spansah  51A-1,  Cape  Jury 
sites,  370/416);  (3)  a  late  Eocene  erosion  (Site 
369),  coinciding  with  the  beginning  of  the  in¬ 
cision  of  submarine  canyons  (von  Rad  et  al ■ , 

1979);  and  (4)  a  major  (?  late)  Oligocene/ear- 
liest  Miocene  erosional  event,  which  was  restric¬ 
ted  to  parts  of  the  lower  slope  and  uppermost 
rise  (Site  397,  H.M.l),  and  wiped  out  most  of 
the  record  of  the  previous  unconformities. 

Because  of  a  predominantly  synchronous  re¬ 
working  of  sediments  the  nixing  of  lithologies  and 
ages  in  the  early  Heogene  mass  flows  is  surpri¬ 
singly  small.  However,  a  few  pebbles  of  Aptian, 
Albian,  Turonian-Coniacian  and  ?  Eocene  age 
were  occasionally  found  in  the  debris  flows  and 
slumps  at  Site  397  (Arthur  and  von  Rad,  in  press). 
These  pebbles  prove  the  existence  of  an  escarp¬ 
ment  with  truncated  lower  Cretaceous  to  Paleo¬ 
gene  strata  exposed  along  the  Cape  Bojador  sloi  e 
prior  and  during  the  rapid  early  to  middle  Miocene 
sedimentation  (cf.  von  Rad  et  al . ,  1979).  Also 
during  late  Pleistocene,  huge  segiment  mas¬ 


ses  wj  ->luroe  of  at  least  600  km  of  trans¬ 
lated  :s  slid  offQthe  gentle  West  Saharan 

lower  sli  (south  of  26°N);  on  the  adjacent 
upper  anu  ntermedia'ce  continental  rise  they  were 
redeposited  as  several  hundred  km  long  tongues  of 
debris  flows  and  turbidites  {Enbley  and  Jacobi, 
1977). 

The  interpretation  of  seismic  reflection 
profiles  (Hinz,  in  press:  Wissmann,  in  press) 
and  of  vitrinite  reflectance  maturity  data 
(Cornford  et  al.,  in  press)  suggests  that  rough¬ 
ly  1-2  km  (or  up  to  3  kn?)  of  sediments  were  ero¬ 
ded  at  Site  397  prior  to  the  deposition  of  the 
early  Miccene  section  (see  also  Fig.3).  If  we 
assume  for  this  erosional  scarp  a  width  of  30  km 
and  a  length  of  500  km  (25°N  to  Cape  Juby), 
a  sediment  volume  of  7.500  to  15,000  km3  must 
have  been  removed.  If  this  erosion  was  restric¬ 
ted  to  a  relatively  brief  time  interval  (e.g. 

10  n.y.),  we  come  to  incredibly  high  erosion  ra¬ 
tes  cf  100  (to  possibly  300) . m/a. y. 

At  the  present  time,  we  can  only  speculate  on 
the  possible  causes  for  the  localized,  but  large- 
scale  destruction  of-  the  lower  Northwest  African 
continental  slope.  The  late  Oligocene  (Globoro- 
talla  cpima  zone)  is  characterized  by  the  most 
accentuated  global  sea  level  fall  (possibly 
200  m)  of  the  Tertiary  (Vail  et  al. ,  1977), 
which  surpassed  the  subsidence  rate  of  the  con¬ 
tinental  margin  and  moved  the  strandline  beyond 
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the  shelf  edge.  This  favored  the  slumping  of 
late  Eocene  to  lower  late  Oligocene  slope  sedi¬ 
ments  (Site  369;  lower  slope  canyons)  and  the 
generation  of  turbidity  currents  cutting  deep 
canyons  into  the  lower  slope  (von  Sad  et  al, 

1979). 

At  the  sane  time,  enhanced  long-term  geostro- 
phic  bottom  currents  helped  to  erode  and  steepen 
the  lower  slope  by  undercutting,  possibly  an 
eastern  boundary  undercurrent  originated  fron  an 
intensified  "pre-Antarctic  Bottom  Water"  (pre- 
AABW)  circulation  in  the  South  Atlantic  which 
developed  after  the  initiation  of  a  globe-encirc¬ 
ling  circura-Antarctic  current  about  30-25  m.y. 
ago  (Kennett,  1977;  McCoy  and  Zimmerman,  1977). 

This  northward  flowing  ancient  geostrophic  cur¬ 
rent  was  probaoiy  deflected  by  the  Coriolis 
effect  towards  the  Northwest  African  slope  just 
as  a  presently  much  weaker  (up  to  10  cm/secj 
semi-permanent  northward-directed  undercurrent 
along  the  upper  slope  (Sittelstaedt,  1976).  During 
extended  time  intervals  this  current  must  have 
attained  comparatively  high  velocities.  Because  the 
Oiigocene  record  is  not  destroyed  in  Site  365, 
this  current  must  have  been  restricted  to  water 
depths  between  2  and  3  km  along  the  lower  slope 
and  upper  rise  off  Cape  Bojador.  A  generally  en- 
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hanced  variable  northward  flow  of  AABW ,  which 
reached  the  Northeast  Atlantic  cainly  through 
the  Hojranche  and  Vesta  Fracture  Zones*  has  aiSo 
been  nostuiated  for  the  late*. ~  *  Pliocene  and  pre- 
latest  Pleistocene  by  Jacobi  et  a_l .  von 

Stackelherg  et  al.  { 2S76 ) ,  Lowrie  et  si .  (1976), 
and  Cits  and  Ryan  tin  press/.  The  velocity  of 
this  eastern  ooundary  current  night  have  teen 
locally  increased  by  the  Tunneling  effect  be¬ 
tween  the  Cape  Bojador  margin  and  the  eldest 
submarine  volcanoes  of  the  Canary  Archipelago 
which  probably  started  to  grow  upward  during 
late  Oligocene  to  earliest  Miocene  times. 

Apparently,  the  main  causes  for  the  sid-Ceno- 
zoic  slope  rejuvenation  off  Cape  Bojador  were 
the  coincidence  of  a  rajor  regression  with  enhan¬ 
ced  lpre-> AABW  circulation  and  the  oeginning 
uplift  of  the  Canary  Islands  during  late  7Iigo- 
cene  (to  earliest  Miocene)  times.  The  interrela¬ 
tionship  of  these  global  and  regional  events  is 
still  poorly  understood. 

Along  the  eastern  North  American  continental 
margin,  a  southwestward  flowing  Western  Boundary 
Undercurrent  (North  Atlantic  Deep  Water*  has 
been  active  since  Late  Eocene  to  Oligocene  times 
3nd  eroded  the  uppermost  rise  during  the  late 
Oligocene.  Here,  the  slope  was  cut  back  for 
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Figure  6.  A:  Schematic  drawing  showing  vertical  evolution  of  Neogene  allocnthonous  facies  types  (F-1,2, 
3,4A,4B,4C)  and  hemipelagic  sediments  (F-5)  on  the  upper  continental  rise  at  Site  397  (after  Arthur  and 

von  Rad,  in  press).  „ 

B:  Spatial  and  temporal  evolution  of  gravitative  sedimentation  in  a  typical  "base-pf-slope  environment 
(modified  after  Kelling  and  Stanley,  1976,  their  Fig-311.  A  =  major  sculpturing  event,  B  »  rapid  base-of- 
slbpe-fiiiiSg:5tage,  C  stage  of  gradual  stabilization  of  slope,  D  =  slump  stage;  E  =  hemipelagic 
drape.  “ 
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^radienc  which  then  reached  values  of  7  fane 
locally  IS j  degrees.  This  triggered  gravitative 
sedimentation  mechanises  from  the  slope  which 
deposited  a  great  variety  of  displaced  "flvsch— 
type”  litnofacies  types  isee  Fig.Si.  These  se¬ 
diments  cake  up  90%  of  the  SCO  a  thick  early 
to  riddle  Miocene  section  of  Site  397  and  in¬ 
clude  the  following  litrsfacies  types:  (l) 
pebbly  cuds tones  with  plastically  deforced 

snd  undeforced  clasts  ir-4A,i ,  inter¬ 
preted  as  debris  flows  (see  Fig-cA);  ’2)  dark 
olive-gray  organic-rich  silty  clsystones,  trans¬ 
ported  froa  an  oxygen-depleted  upper  slope  envi¬ 
ronment  by  turbid  layers  or  low-density  turbi- 
"‘‘■y  currents;  (3)  poorly  sorted  quartz-granu-le- 
rich  fossil  hash  derived  from  the  shelf  edge 
(F-4C);  (C|  volcaniclastic  debris  flows  and  cur- 
bidites  from  the  Canary  Islands  (F-43i;  ar.d  (5) 
graded  turbiditic  sandstones  (F-l)  Slumped  heni- 
pelagic  sediments  (D)  overly  these  sr.js  flcwr 
and  grade  upwards  into  undisturbed  heaipeiegic 
sediments  of  late  Keogeno  age  ’.E). 

Figure  oh  shows  a  sicplified  model  of  the 
evolution  of  gravitative  sedimentation  at  rela¬ 
tively  steep  or  rejuvenated  .lopes  of  passive 
margins.  This  model  was  first  conceived  by 
celling  ar.d  Stanley  (1975.  their  Fig. 31)  froo 
the  evidence  of  alpine  flvsch  basins  (e.g.  the 
Gres  d'Aiuiot,  Maritime  Alps;  Stanley,  1975). 

We  explain  the  horizontal  (spatial)  and  ver¬ 
tical  ( temporal )  change  froa  a  high-energy  sub¬ 
marine  canyon  and  base-cf-slope  to  a  lower- 
energy  fan  or  rise  facies  by  the  gradual  de¬ 
crease  of  the  gradient  of  a  slope  which  was  over- 
steepened  by  erosive  geostrophic  bottom  currents 
(A).  At  the  base  of  the  sequence,  we  find  rapid¬ 
ly  deposited,  chaotic  debris  or  grain  flows  (3) 
which  developed  from  slumps  along  the  upper 
slope  and  grade  seawards  into  turbidites.  They 
were  deposited  at  the  abrupt  decrease  of  the  ' 
slope  gradient  along  the  base  of  the  slope.  Tur¬ 
bidity  currents  and  other  gravity-driven  flows 
(G) r  and  finally  slumped  hemipelagic  sediments 
(D)follow  these  mass  flows.  By  late  Miocene 
times,  the  depositions!  conditions  were  stabili¬ 
zed  and  most  coarse-grained  terrigenous  material 
bypassed  the  uppermost  rise.  Only  occasionally 
and  only  in  the  lowermost  part  of  the  section, 
we  find  thin  silt  layers  representing  distal 
turbidites  (facies  1A)  or  contour! tes  (facies 
13)  in  the  thick  late  Neogene  hemipelagic  drape 
(£) .  Thus  typical  sequences  of  thick  sedimentary 
melange  ("wildflysch")  or  flysch-type  sediments 
do  occur  in  a  "passive"  margin  setting  without 
any  obvious  tectonic  deformation,- -although  ancient 
or  recent  flysch  environments  have  mostly  been 
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sttriouted  to  succuc tics  zones  along  active 
margins.  Therefore,  it  is  dangerous  to  infer 
the  tectonic  setting  of  an  ancient  flysch  basin 
f'ro^  itiZ creation  on  ssdissnvsrv  see  isness 

composition  alone.  Cor.ronly ,  “a jor  uncon— 
fcmities  at  the  case  of  Atlantic-type  continen¬ 
ts:  margins  are  overlain  by  thick  non— erogenic, 
redeposited  sedimentary  sequences  ( "fiyschoid" 
sequences  of  Stanley,  1975).  The  failure  of  the 
slope  sediment  and  the  subsequent  rapid  gravi- 
tutive  sedimentation  say  have  been  triggered  by 
an  oversteepening  of  the  lower  slope  which  was 
undercut  cy  arosive  geostrophic  currents;  the 


seismic  activity  during  erogenic  phases  to  the 
.ior-h  (ntias  Mountains  I  or  volcano— tectonic  up— 
HFt  of  the  Canary  Arcnipelago  (Arthur  and  von 
Had,  in  press). 

Figure  7  shows  the  source  and  transport  di¬ 
rection  of  tne  allochthonous  litnofacies  in  the 
mouth  Canary  Island  Channel  during  early  Neogene 
times.  Most  Iithotvpes  CF-2,  F-3,  F4-A.C)  belong 
-~o  a  more  or  :ess  proximal  facies,  suoplied  as 
transversal  fill  fro-  the  adjacent  slope  and 
sr.elf  off  Cape  Bojador.  Schmincke  and  von  Had 
im  press-  cerive  the  volcaniclastic  debris 
flows  (F— 03)  froa  the  Canary  Islands  to  the 
northeast,  most  probably  froa  Fuerte ventura; 
these  debris  flows  can  be  traced  on  seismic  re¬ 
cords  as  a  acre  than  200  kn  long,  10-25  km  wide 
and  10-25  a  thick  tongue  extending  along  the 
base  of  the  slope  to  the  SSW  (G.Wissaann,  perso¬ 
nal  communication  1978).  Some  well-sorted  sand 
layers  (F-I)  might  be  distal  turbidites,  longi¬ 
tudinally  introduced  into  this  basin  froa  sore 
distant  source  areas  to  the  east  .shelf  north  of 
Cape  Juby)  or  northeast  (?  Antj-clas  or  Atlas 
Mountains).  At  middle  to  early  late  Miocene 
times  the  predominantly  gravitative  redepcsition 
from  the  Cape  Bojador  margin  gave  way  to  the 
undisturbed  deposition  of  700  a  of  late  Miocene 
to  Quaternary  hemipelagic  nanno  marls. 

Evolution  of  Canary  Island  Volcanise 

The  evolution  of  the  Canary  Island  volcanism 
can  be  inferred  from  the  age  and  nature  of  the 
volcaniclastic  debris  flows  and  air-fall  ash 
layers.  The  age  of  the  formation  of  these  is¬ 
lands  increases  from  Tenerife  to  Gran  Canaria 
and  to  Fuerteventura  (Fig.8).  Ih  each  of  these 
islands  a  very  brief  (0.5-1  ra.y*),  but  volumi¬ 
nous  shieltb-building  stage  marked  the  begin¬ 
ning  of  subaerial  island  volcanism.  This  was 

for  Gran  Canaria  (KcDougall  and  Schmincke, 
1977)  but  Schmincke  and  von  Rad  (in  press)  now 
postulate  a  similar  shield  stage  for  the  ear¬ 
nest  volcanic  history  of  Fuerteventura.  The 
nyaioclastic  composition  ( palagonitized  sideroae- 
lane  shards)  of  the  lower  volcaniclastic  debris 
fiowsCflcws  V-3  and  V-4)  of  Site  397  suggests 
-hat  a  shallow-submarine  shield-buildingstage 
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Figure  7.  Provenance  and  dispersal  of  allochthonous  lithofacies  types  in  the  South  Canary  Island  Chan¬ 
nel  during  early  to  middle  Miocene  times  (modified  from  Arthur  and  von  Rad,  in  press).  1-6  =  generalized 
geology  of  the  Canary  Islands  (see  Schmincke  and  von  Rad,  in1  press),  7  =  young  submarine  volcano;  8  - 
continental  or  island  shelf  with  sheifbreak;  9  =  base-of-continental-slope  boundary;  10  =  "volcanic 
mass"  or  "socle",  partly  overlain  by  young  sediments  and'or  pyroclastirs,  11  -  seaward  boundary  of  "vol¬ 
canic  apron",  over-  and  underlain  by  sediments;  12  =  depth  contours  of  seismic  reflector  R-7  in  seconds 
two-way  travel  time  below  sea  level,  indicating  the  approximate  paleobathymetry  during  middle  Miocene 
times.  Arrows  demonstrate/ inferred  transport  directions  for:  13  =  volcaniclastic  debris  flows  (F-4B), 
dotted  area  =  seismically  detected  extent;  14  =  debris  flows  and  mud  turbidites  (F-2,3,4A)  from  Cape  Bo- 
jador  slope  (and  oat.  r  shelf) ,  15  -  distal  turbidites  (F-l),  16  =  proximal- shell  and  quartz-granulejrich 
debris  flows. (F-4C)  from  outer  shelf.  Source  for  7,10,11,12;13:  G.  Wissmann  (BGR,  personal  communica¬ 
tion)-. 

preceded  the  subaerial  shield  stage.  This  stage 
is  represented  by  debris  flows  full  of  epiclastic 
fragmentscoftachylitic  to^crystallizedbaGalt, 
trachyte,  trachyandosite,  and  raicrogabbro  (V-l, 
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la, 2);  These  thick  volconiclgrtic  debris  flows 
have  a  volume  of  about  50  km  and  w’re  deposi¬ 
ted  in  the  South  Canary  Island  Channel  .(Fig.  7) 
between  about  17.5  and  15.-5  m.y.  ago.  This  is 
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about  3  m.y.  earlier  than  the  well-dated  forma¬ 
tion  of  the  subaerial  shield  of  Gran  Canaria, 
and  much  earlier  than  the  oldest  volcanics  of 
the  islands  west  of  Gran  Canaria  (Srhmincke, 

1976) .  This  age  and  the  composition  of  the  vol¬ 
canic  clasts  suggest  that  Fuertevontura  (or  Lan- 
zarote)  were  the  source  area  of  these  debris 
flows. 

Altered  vitreous  tuff  layers  of  trachytic  com¬ 
position  (Site  397)  which  are  the  product  of 
large-scale  explosive  eruptions  about  19-20  m.y. 
ago  belong  to  the  oldest,  comparatively  tfell- 
dated  volcanic  materials  on  or  around  the  Canary 
Islands.  This  suggests  that  no  subaerial  "Canary 
Ridge"  existed  during  Mesozoic  to  Eocene  times, 
and  that  the  growth  and  uplift  of  the  oldest 
submarine  Canary  volcanoes  did  not  begin  before 
late  Paleogene  times.  The  occurence  of  deep¬ 
water  pelagic  Early  Cretaceous  (to  Paleogene?) 
sediments  on  Fuerteventura  (D. Bernoulli,  per¬ 
sonal  communication)  supports  a  relatively  late 
initiation  of  the  volcanic  activity  of  the  Canary 
Archipelago. The  volcanism  might  have  been  trig¬ 
gered  by  the  collision  between  the  Eurasian  and 
African  plates  during  late  Eocene  to  Oligocer.e 
times.  The  timing  of  this  event  is  similar  to 
that  of  the  tectono -volcanic  uplift  of  the  Cape 
Verde  Rise  which  in  Site  368  contains  19  m.y. 
old  basaltic  sills  and  dates  back  also  to  Miocene 
times  (Lancelot  and  Seibold,  1977). 

A  completely  different  process  is  responsible 
for  the  deposition  of  the  middle  Miocene  to  Qua¬ 
ternary  ash  layers  of  Sites  369  (Rothe  and  Koch, 

1977)  and  397.  These  ashes  originated  from 
highly  explosive  eruptions  of  more  differentia¬ 
ted  rhyolitic,  trachytic  and  phonolitic  magmas 
on  the  volcanic  islands,  and  underwent  lateral 
transport  by  high-altitude  winds,  and  sedimenta¬ 
tion  by  passive  fall-out  through  the  water  co¬ 
lumn.  Most  ash  layers  of  both  sites  are  7-14 
m.y.  old,  i.e.  their  age  coincides  with  that  of 
Gran  Canaria's  most  voluminous  "Magmatic  Phase 
I"  (Lietz  and  Schmincke,  1975).  A  few  3.5-5  m.y. 
old  ash  layers  might  be  attributed  to  Gran  Cana¬ 
ria's  second  magmatic  phase  ("Roque  Nublo  Se¬ 
ries");  The  youngest  late  Pliocene  to  Pleisto¬ 
cene  ashes  might  indicate  explosive  eruptions 

on  Tenerife  and  the  adjacent  western  Canary 
Islands. 

'  *  *3; 

Paleobathymetry  and  Subsidence  History 

Figures  3A  and  B  show  a  schematic  cross-section 
of  the  passive  continental  margin  at  Cape  Bo- 
jador  together  with  subsidonce-paleodepth-accu- 
mulation  rate  diagrams  representing  the  tectp- 
nostratigraphic  evolution  during  the  past 
200  m.y.  at  three  characteristic  sites  below  the 
present  shelf,  slope  and  upper  rise  (von  Rad 
and  Einsele,  in '-preps)'.- -"-These  "geoM  story  }d  Va¬ 
grams"  (Van  H i nte ,  1978) iicdnta i n  two  types MOf 
stratigraphic  infofma6ign[  (I)  ^the  cumulative 
thickness  of  sediments}  deposited  durihgyaycefr 
taiii  time  interval  ; ( taken  from  b i os t ratigraphit 


cal  daring  of  drilled  horizons  or  extrapolated 
from  seismic  evidence),  and  (2)  the  paieo-water 
depth,  determined  by  bio-  or  lithofacies  inter¬ 
pretation  or  by  inference  from  comparable  shal- 
lower-water  sites.  Because  of  the  lack  of  stra¬ 
tigraphic  detail,  inaccuracy  of  b i os trati graph i- 
boundaries,  uncertainties  of  their  correlation 
with  an  absolute  time  scale,  and  ambiguities  of 
paieo-water  depth  interpretations,  these  geohisto¬ 
ry  diagrams  record  only  general  trends  in  the 
geodynamic  evolution  of  this  margin.  We  define 
the  term  "subsidence"  as  the  change  of  depth 
which  a  certain  stratigraphic  level  undergoes  du¬ 
ring  a  given  time  with  respect  to  the  present 
sea  level .  The  subsidence  curves  have  been  cor¬ 
rected  for  compaction  (von  Rad  and  Einsele,  in 
press),  but  not  for  past  sea  level  fluctuations, 
as  attempted  by  Steckler  and  Watts  (1978)  for 
the  continental  margin  off  New  York, 

Since  near  the  present  coastline  and  on  the 
shelf  (well  51A-1)  the  water  depth  was  probably 
never  greater  than  100-200  m  during  the  past 
200  m.y.,  we  can  directly  deduce  the  subsidence 
rare  during  a  given  time  from  the  thickness  of 
sediment  accumulated  during  that  time.  This 
exercise  gives  extremely  high  subsidence  rates 
of  80-120  m/m.y.  for  the  Jurassic  and  Early  Cre¬ 
taceous  which  decrease  more  or  less  exponenti¬ 
ally  to  about  15  m/m.y.  during  Late  Cretaceous 
to  Tertiary  times  (Fig.3B).  The  Jurassic-Early 
Cretaceous  subsidence  rate  is  tentative,  because 
it  depends  on  the  geophysical  interpretation 
which  defines  the  base  of  this  sequence  (G.Wiss- 
mann,  personal  communication).  The  beginning  of 
subsidence  is  more  or  less  aroitrarily  placed  at 
200  m.y.  If  Triassic  or  even  late  Paleozoic  se¬ 
diments  overly  the  "basement"  (a  possibility, 
suggested  by  P.  Lehner,  personal  communication), 
subsidence  rates  become  considerably  smaller;  if 
sedimentation  began  later  than  the  onset  of 
spreading  about  165-180  m.y.  ago,  the  rates 
would  be  somewhat  greater. 

If  we  assume  continuous  shallow-water  condi¬ 
tions  also  for  the  slope  and  uppermost  rise  si¬ 
tes,  then  the  enormous  thickness  of  Jurassic 
sediments  (7-8  km)  must  be  attributed  to  a  very 
high  initial  subsidence  of  the  underlying  base¬ 
ment.  This  subsidence  was  compensated  by  carbo¬ 
nate  buildup  after  a  rapid  initial  deposition 
of  continental  elastics,  redbeds,  and  evapori- 
tes;  During  the  Jurassic  and  earliest  Cretaceous 
the  water  depth  at  the  slope  and  rise  sites  re¬ 
mained  close  to  sea  level.  At  the  beginning  of 
the  Cretaceous  the  water  depth  increased.  Early 
Cretaceous  subsidence  rates  were  very  high 
(130  m/m.y.);  during  middle  Cretaceous  to  recent 
times,  the  rate  of  subsidence  of  the  slope  and 
upper  rise  slowed;  Since  the  sedimentation  rates, 
possibly  Influenced  by  the  global  Late  Cretaceous 
rise  in  sea  level,  s lowed  even  more,  the  sea  floor 
continued  to  deepen. 

To  learn  mope  about  the  history  of  subsiden¬ 
ce  since  the  earliest  Cretaceous  we  had  to  apply 
the  results  from  comparable  shallow-water  sites 
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3nd  "backtracK"  ^ites  369  and  397  using  the 
better  established  '.ate  Cretaceous  and  Tertiary 
subsidence  rates  of  the  shelf  and  coast  sites. 

This  "continental  margin  backtiarking  method" 
is  outlined  in  von  Rad  and  Einsele  (in  cress). 

Summary  and  Conclusions 

Geodynamic,  Sedimentary  and  Volcanic  Evolution 
of  the  Cape  Bojador  Continental  Kargin  During 
ti,e  Past  200  m.y. 

We  can  only  speculate  on  the  late  Triassic 
and  Jurassic  early  rift,  drift,  and  subsidence 
stages  of  the  200  m.y.  old,  mature  Cape  Bojador 
margin.  In  the  Aaiun  (-Tarfaya)  Basin  (Fig.l) 
several  exploration  wells  penetrated  1  to  over 
2  km  thick  sequences  of  middle  to  late  Jurassic 
shallow-water  limestones,  marlstonos  and  dolo¬ 
mites  (von  Rad  and  Einsele,  in  press).  Similar 
Jurassic  carbonate  platforms  were  reported  from 
dredging,  drilling  and  seismic  evidence  below 
the  shelf  edges  off  Senegal  (Lehner  and  De  ,!ui- 
ter,  1977)  and  off  southern  and  central  Morocco 
(Mitchum  and  Vail,  1978;  Ren2  et  al. ,  1975). 
Therefore,  von  Rad  and  Einsele  (in  press)  have 
postulated  Jurassic  shallow-water  limestones  be¬ 
low  the  entire  Cape  Bojador  continental  margin 
which  were  deposited  on  a  tectonically  stable, 
slowly  subsiding  shelf.  This  hypothesis  is 
supported  by  the  comparatively  shallow  paleodepth 
inferred  for  the  earliest  Cretaceous  prodelta 
mudstones  and  the  extremely  thick  sequence  of  pre- 
Cretaceous  carbonate  (?)  rocks  under  the  present 
slope  and  uppermost  rise. 

A  remarkable  facies  change  from  shallow-water 
carbonate  to  a  more  or  less  terrigenous  facies 
took  place  in  the  Aaiun  Basin  during  earliest 
Cretaceous  times.  A  very  thick  sequence  of 
continental  elastics  grades  seawards  into  lagoonal, 
intertidal,  delta  plain,  delta  forset,  and  finally 
into  distal  prodelta  muds  (Fig. 5),  and  constitutes 
a  huge  deltaic  system  with  its  maximum  sediment 
thickness  below  the  present  slope  (Fig.3A).  For 
the  Hauterivian  prodelta  mud  environment  under 
the  present  upper  rise  (at  Site  397),  Einsele  and 
von  Rad  (in  press)  assumed  a  water  depth  of  a 
few  hundred  to  a  maximum  of  1000  meters.  It  is 
likely  that  not  even  the  rapid  accumulation  rates 
(75-150  m/m.y. )  of  the  Hauterivian  sequence  could 
keep  pace  with  the  subsidence  of  the  outer  mar¬ 
gin.  Similar  Weslden-type  deltaic  facies  developed 
at  many  places  around  the  Early  Cretaceous  North 
Atlantic  Ocean  (Fig. 4). 

Late  Early  Cretaceous  to  Paleogene  sediments 
which  were  eroded  at  Site  397,.  are  partly  pre¬ 
served  landward  of  the  lower  slope  and. seaward 
of  the  upper  rise  (Fig.3A),.  Aptian  to  Cenoma¬ 
nian  organic-rich,  shales  indicating  restricted 
oceanic  circulation  and  at  least  partly  anaero¬ 
bic  conditions  are  present  in  the  sites  under 
the  present  shelf  (51A-1),  slope  (369),  and  Mo¬ 
roccan  Basin  (370/416),  as  well  as  in  the  deeper 
ocean  (137,138).  in  the .outer  Aaiun  Basin. lami¬ 
nated  anaerobic  marls  of  late  Cenomanian  to  Tu- 
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ronian  age  suggest  an  expanded  mid-water  oxygen 
minimum  zone  and/or  high-fertility  (upwelling) 
conditions  of  the  surface  waters  along  the  West 
African  coast  (Einsele  and  Wiedmann,  1975).  A 
pronounced  shelf  edge  developed  during  Cenoma¬ 
nian  times  and  remained  at  this  position  (be¬ 
tween  Si  vCs  51A-1  and  369)  for  the  past  90  m.y. 

During  the  last  100  m.y.  the  rates  of  accumu¬ 
lation  at  the  present  shelf,  slope  and  rise  were 
much  lower  (10-15  m/m.y.)  than  in  Early  Cretace¬ 
ous  times.  Sedimentation  ,  probably  interrup¬ 
ted  by  periods  of  non-deposition  or  even  erosion, 
especially  during  early  Late  Cretaceous,  early 
Paleocene,  and  late  Eocene  to  Oligocene  times. 
Therefore  the  sea  floor  continued  to  deepen, 
ever,  when  subsidence  rates  decreased  to 
13  m/m.y.  (Figure  3B;  von  Rad  and  Einsele,  m 
press) . 

Probably  during  latest  Eocene  through 
middle  Oligocer.e,  geostrophic  bottom  currents 
(enhanced  flow  of  "pre-Antarctic  Bottom  Water"?) 
out  several  kilometers  deep  into  the  lower  part 
of  the  continental  margin  at  Site  397  (Fig.3B) 
and  eroded  all  sediments  of  Paleogene  thiough 
Hauterivian  age.  The  oversteepening  of  the  lower 
continental  slope  and  a  pror.cunced  late  Oligo- 
cene  sea  level  fall  triggered  rapid  redeposition 
of  sediment  from  the  slope  during  early  Neogene 
time.  This  resulted  in  a  deep-marine  onlap  of 
a  thick  redeposited  sediment  sequence  at  the 
foot  of  the  slope.  The  predominantly  allochtho¬ 
nous  sediments  buried  the  erosional  scarp,  dimi¬ 
nished  the  water  depth  to  its  present  value,  and 
gradually  reduced  the  slope  gradient.  This  shif¬ 
ted  the  depocenter  from  its  Jurassic  and  Early 
Cretaceous  position  below  the  present  slope  and 
shelf  to  the  uppermost  rise. 

The  early  evolution  of  the  Canary  Island  vol- 
canism  started  in  late  Paleogene  times  and  culmi¬ 
nated  in  the  inferred  voluminous  submarine  and 
subaerial  shield  phase  of  Fuerteventura  (about 
17.5-15.5  m.y.  ago)  and  the  well  known  shield 
phase  of  Gran  Canaria  (about  14  m.y.  ago).  The 
early  Neogene  growth  and  uplift  of  the  Canary 
Archipelago  influenced  the  evolution  of  the  Cape 
Bojador  margin  by  earthquake  activity  related  to 
volcanism  which  triggered  some  mass  flows  and 
deposited  them  as  thick  volcaniclastic  debris 
flows  and  turbidites  along  the  foot  of  the  slope. 
The  initiation  of  the  Canary  Island  volcanism 
also  caused  an  increase.in  the  local  geothermal 
gradient  which  is  now  4/100  m  at  Site  397  (Art¬ 
hur  et  al.,  in  press)  and  decreases  towards  the 
Aaiun  Basin  (P. Lehner,  personal  communication). 
This  secondary  heating  might  have  caused  an 
additional  decrease  in  the  local  subsidence  rate 
during  the  Neogene.  At  about  20  m.y.  B.P.,  the 
uplift  of  the  Cape  Verde  Rise  and  Canary  Archi¬ 
pelago  may  have.  helped  to  cut  off  any /Large- 
scale,  erosion  by  geostrophic  currents. 

During  the: past  iO-m.y . ,a  thick  sequence' of 
und i s turbed ; hemipel agic  late ; Neogene/  sediments « 
accumulated  with  high, sedimentation  ratesonthe 
uppermost  continental  rise.  Frequent  oscllla—  - 


tions  in  climate  and  sea  level  changes,  high 
plankton  productivity  (upwelling),  some  terrige¬ 
nous  and  shallow-water  sediment  input,  and 
minor  pulses  of  CaCO,  dissolution  and  sea 
floor  scouring  have  left  an  important  imprint 
on  the  late  Neogene  sediments. 

The  continental  to  transitional  basement  be¬ 
low  the  Cape  Bojador  margin  has  a  similar  depth 
of  about  12-15  km  below  the  present  shelf, 
slope,  and  upper  rise  over  a  distance  of  100  km 
(Fig.3A) .  Similar  basement  depths  (10-14  km) 
were  repor*--d  from  the  Baltimore  Canyon  Trough 
(Scholle,  1977)  and  the  Blake-Bahama  Basin 
(Sheridan,  1976).  Thus  the  Cape  Bojador  margin 
constitutes  a  uniformly  subsiding  "marginal  ba¬ 
sin"  with  very  high  Jurassic  and  earliest  Cre¬ 
taceous  subsidence  rates  which  decreased  more  or 
less  exponentially  during  the  past  100-120  m.y. 
Not  before  Late  Cretaceous  to  Tertiary  times  did 
the  subsidence  rate  approach  values  similar  to 
the  ones  known  from  the  empirical  cooling  curve 
of  oceanic  crust  (Fig. SB). 

With  the  fragmentary  stratigraphic  and  struc¬ 
tural  information  at  hand,  it  is  impossible  to 
answer  the  question  of  the  driving  forces  re¬ 
sponsible  for  the  suosidence  at  the  Cape  Bojador 
margin.  A  simple  thermal  contraction  plus  loa¬ 
ding  model  as  suggested  by  Sleep  (1971),  Watts 
and  Ryan  (1976),  Steckler  and  Watts  (1978) 
seems  insufficient  to  explain  the  extremely 
high  initial  subsidence  rates  at  this  margin 
(see  Arthur  et  al. ,  in  press).  Other  driving 
mechanisms,  such  as  an  increase  in  the  thickness 
or  density  of  the  crust,  might  have  further  in¬ 
fluenced  the  subsidence  of  the  basement  below 
the  Cape  Bojador  margin,  especially  during  Ju¬ 
rassic  and  Early  Cretaceous  times. 
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Abstract.  Data  from  a  seismic  reconnaissance  of  the 
Atlantic  margin  of  Morocco  indicate  that  the  continental 
margin,  like  onshore  Morocco,  exhibits  a  complex  structural 
and  depositional  history.  In  the  Rharb  basin,  the  Prerif 
Nappe  of  Tortonian  (Middle  Miocene)  age  thrusts  over 
faulted  shelf  and  slope  sediments.  Post-nappe  slope  sedi¬ 
ments  are  undeformed.  Moderate  deformation  of  post¬ 
nappe  shelf  sediments  probably  results  from  diapiric  move¬ 
ment  within  the  mobile  core  of  the  nappe. 

The  margin  between  the  Canary  Arch  and  Tarfaya 
basin  has  thick  salt  overlying  inferred  attenuated  conti¬ 
nental  crust  located  between  the  present-day  coast  and  the 
Canary  Arch.  The  Canary  Arch  was  first  uplifted  between 
Middle  Cretaceous  and  Miocene.  There  is  evidence  of 
volcanism  during  and  possibly  prior  to  the  Eocene.  We  find 
no  evidence,  however,  for  Tertiary  movement  along  a  sup¬ 
posed  lineament  extending  from  the  South  Atlas  fault  along 
the  southern  margin  of  the  salt  basin  and  into  or  south  of 
the  Canary  Island  axis. 

Large  scale  mass  transport  of  slope  sediments  by 
gravity  gliding  and  debris  flow  accounts  for  a  significant 
fraction  of  the  sediment  transport  budget  off  Morocco.  The 
subtle  character  of  these  flows  on  seismic  sections  suggests 
that  gravity  gliding  and  debris  flow  may  be  more  important 
work'  wide  th- «  previously  recognized. 

Introduction 

In  1969,  the  R/V  GULFREX  (named  for  Gulf  Oil 
Research  and  Exploration)  conducted  a  reconnaissance 
seismic  reflection  study  of  the  Atlantic  margin  of  north¬ 
west  Africa.  This  report  presents  three  seismic  Tines 
located  between  latitudes  24°-35°N  (Figure  1).  The  lines 
cross  the  Moroccan  continental  margin  west  of  the 
Rharb  basin  of  northern  Morocco,  the  Tarfayai  basin  - 
Canary  Arch,  and  Villa  Cisneros,  the  Spanish  Sahara,  ir 
the  vicinity  of  latitude  25°N.  The  Rharb  basin  line 
shows  deformation  of  continental  margin  structure^by 
Alpine  tectonics.  The  Tarfaya  basin-Canary  Arch  line 
shows  salt  structures  of  the  Moroccan  salt  basin,  and 
provides  evidence  of  timing  and  effects  of  Canary  Island 
uplift  and  volcanism.  The  line  west  of  Villa  Cisneros 


shows  extensive  buried  olistostromes  at  the  foot  of  the 
paleo  slope. 

Collectively,  the  structures  of  the  region  represent  a 
moderately  active  margin. 

Rharb  Basin 


Geologic  Setting 

The  Rharb  basin  line  shown  in  Figure  2  lies  within  the 
Rif  structural  province  of  northwestern  Morocco.  Major 
geologic  features  are  shown  in  Figure  1.  The  Rif  is  the 
southern  analog  in  time,  structure  and  lithology  to  the 
Betic  cordillera  of  southern  Spain.  Convergence  of 
Europe  and  Africa  during  the  Alpine  orogeny  resulted  in 
compression,  uplift,  metamorphism  and  volcanism,  and  in 
northward  thrusting  or  gravity  gliding  in  Spain  and 
similar  southward  displacements  in  Morocco. 

Choubert  and  Marais  (1952)  separated  the  Rif  into 
four  zones:  (I)  an  internal  zone  of  Paleozoic  rocks,  (2)  a 
Limestone  Dorsal  of  dominantly  Triassic,  Jurassic  and 
Cretaceous  carbonates,  (3)  the  Rif  Nappe  zone  of  domi¬ 
nantly  marl  and  shale,  and  (4)  the  Prerif  Nappe.  These 
zones  are  shown  in  Figure  1. 

According  to  Faure-Muret  and  Choubert  (1971),  the 
internal  Paleozoic  zone  and  Limestone  Dorsal  were  com¬ 
pressed,  folded  aid  thrust  southward  during  the  Eocene 
and  Oligocene.  A  fiysch  sequence  overlying  Paleozoic 
and  Dorsal  zones  slid  southward  during  upper  Oligocene, 
stopping  finally  at  the  end  of  Middle  Miocene,  Frag¬ 
ments  of  this  large  fiysch  nappe  overlap  parts  of  the  Rif 
Nappe  zone.  The  sequence  of  deformation  in  the  Rif  and 
Prerif  zones  is  not  clear.  According  to:Faure-Muret  and 
Choubert,  rocks  outcropping  in  these  zones  were  depos¬ 
ited  in  a  tr.  ugh  bounded  by  the  Paleozoic  and  Limestone 
Dorsal  zones  on  the  north  and  the  Moroccan  Meseta  on 
the  south.  The  Rharb  Basin  probably  represents  the 
relatively  undefofmed  southern  margin  of  the  trough. 

Rif  zone  rocks  are  dominantly  marls  and  shales 
ranging  in  age  from  Triassic  to  Oligocene.  In  the 
southern  part  of  the  Rif  zone,  evapocites  are  the  source 
of  salt  diapirs.  Huge,  exotic  fragments  of  Liassic 
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limestone,  Jurassic  reef  banks  and  Precambrian  granite 
lie  within  the  mobile  matrix.  granite 

^rerif  Nappe  consists  mainly  of  muddy,  highly 
mobile  Cretaceous  and  Tertiary  marls  encasing  more 
competent  blocks  of  Mesozoic  and  Lower  Tertiary  ages 

theSMMH|  !<T 16  tHat  V*  Prerif  NaPPe  was  emplaced  in 
interval  T°rtonian  (Ml0Cene>  and  during  a  short  time 

.  nfaure'M.ur®t  Choubert  note  that  stable  bottom 
a"d.,ack  o£  disturbance  of  microfaunal  ecologies 

thr,  ^f-,  |Pt  nLSUggeSt  gravity  Siding  rather  ?han 
thrust  faulting  as  the  mechanism  of  emplacement.  Ac¬ 


cording  to  them,  the  nappe  appears  to  have  slid  gently 
off  higher  land  to  the  north  into  the  quiet  waters  of  the 
Rharb  Basin. 

Further  support  for  the  gravity  gliding  emplacement 
mechamsm  comes  from  marine  studies  by  Lajat  et  al. 

dV7 -f  m  They  observed  ^t  the  leading  edge  of  the 
Prerif  Nappe  can  be  traced  in  the  form  of  a  vast 

Mor^r«‘r8  ^  -°n  ^ .floor  of  the  At,antic  Ocean  from 
Morocco  to  Spam.  Lajat  et  al.'s  seismic  data  further 
suggests  an  olistostromal  origin  for  the  nappe  front. 

In  western  Morocco,  outcrops  and  drill  hole  data 
suggest  division  of  the  Prerif  Nappe  into  inner  and  outer 
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zones  (G.  Suter,  quoted  by  Faure-Muret  and  Choubert, 
1971),  Inner  zone  n.  cks  consist  of  a  matrix  of  flysch  and 
marl  pierced  by  blocks  and  slices  of  more  competent 
lithologies  while  outer  zone  rocks  consist  of  a  muddy, 
marly  melange  of  Cretaceous  and  Tortonian  age  injected 
by  Triassic  gypsiliferous  evaporites.  Inner  and  outer 
zone  rocks  of  the  Prerif  were  folded  in  late  Miocene  and 
Pliocene  (Faure-Muret  and  Choubert,  1971). 

South  of  the  Rharb,  the  subsurface  extension  of  the 
Meseta  served  as  a  stable  abutment  against  which  the 
Rif  structures  were  compressed,  folded  and  thrust  (Dil¬ 
lon  and  Sougy,  1974). 

Little  is  known  of  the  offshore  geology  of  the  Rharb 
basin.  Data  from  the  only  well  drilled  here  are  unavail¬ 
able  to  us  at  the  present  time.  Although  seismic 
reflection  data  from  the  southwestern  Morocco  offshore 
have  been  published,  we  are  unaware  of  published  seis¬ 
mic  data  from  the  Rharb  margin. 

Discussion  of  Results 


We  have  divided  the  Rharb  basin  seismic  section  into 
5  units  (Figure  2).  Unconformities  separate  the  upper  4 
units  and  possibly  the  deepest  2  units  as  well  but 
reflector  resolution  is  too  poor  to  unequivocally  demon¬ 
strate  the  lowermost  unconformity.  From  top  to  bot¬ 
tom,  the  units  are  as  follows. 

Unit  1.  Post-nappe  sediments  of  Plio- Pleistocene 
age.  Within  the  unit,  seismic  signature  and/or  velocities 
distinguish  four  subunits,  la,  lb,  lc,  and  id,  some  having 
both  slope  and  shelf  facies.  Subunit  la,  the  uppermost 
subunit,  consists  of  flat-lying  sediments  on  both  slope 
and  shelf;  has  a  thickness  of  200-500  milliseconds  (msec) 
two-way  travel  time;  and  has  interval  velocities  of  1.8- 
2.0  km/sec.  We  interpret  this  subunit  as  unconsolidated 
sediments  of  Pleistocene  age. 

Subunit  lb  is  a  lens-shaped  deposit  located  on  the 
upper  slope.  The  subunit  has  a  maximum  thickness  of 
250  msec  and  its  interval  velocity  range  is  2.0-2.2 
km/sec.  The  lower  boundary  of  this  subunit  is  an 
erosional  unconformity.  The  subunit  appears  to  have 
filled  a  depression,  possibly  a  slump  scar,  in  the  upper 
slope.  Velocities  indicate  slightly  compacted  sediments. 

Subunits  lc  and  Id  are  distinguished  on  the  basis  of 
their  interval  velocities.  Subunit  lc  velocities  range 
from  2.3-2.6  km/sec  and  subunit  Id  velocities  cluster 
near  2.7  km/sec.  Subunit  lc  overlies  Id  with  apparent 
comformity.  Subunit  Id  fills  topographic  lows  in  the 
upper  surfaces  of  2a  and  3.  Between  Si’s  2000  and  2100, 
subunit  Id  pinches  out  against  the  flanks  of  a  high  in 
Unit  3,  which  allows  lc  to  lie  directly  on  3.  The  slope 
facies  of  subunits  lc  and  Id  are  f*at  or  nearly  so  while 
their  shelf  facies  are  undulating  and  faulted.  The 
difference  in  aspect  is  probably  due  to  movements  within 
the  shelf-portion  of  .Unit  2. 

Unit  2.  We  correlate  Unit  2  with  the  Prerif  Nappe 
because  of  its  allochthonous  character,  and  the  location 
of  its  seaward  edge  close  to  the  seaward -projection  of 
the  nappe  edge  (Figure  1).  Interval  velocity  data  suggest 
division  of  the -nappe  into  upper  and  lower  subunits,  2a 
and  2b.  Velocity  data  also  indicate  lateral  differences 
within  the  Prerif  Nappe  (Figure  2).  Velocities  near  the 
toe  of  the  nappe  range  down  to  2.5  km/sec.  Throughout 
the  remainder  of  the  nappe  they  are  no  lower  than  2.7 


km/sec  in  the  upper  part  and  significantly  higher  in  the 
deeper  part.  West  of  SP  1600,  only  subunit  2a  can  be 
distinguished  with  velocities  of  2.7-3.1  km/sec  except 
near  the  extreme  western  limit  of  the  nappe.  East  and 
north  of  SP  1600,  subunit  2b  with  velocities  of  2.7-4.8 
km/sec  lies  beneath  2a.  The  highest  velocities  within 
subunit  2b  occur  in  the  deeper  part  of  the  nappe  beneath 
the  present-day  shelf.  The  higher  velocities  (ca.  4.0 
km/sec)  probably  result  from  incorporation  within  the 
nappe  of  blocks  of  higher  velocity  material  derived  from 
the  underlying  unit  5. 

The  base  of  the  nappe  dips  12b°  approximately 


Unit  3.  This  unit  unconformabiy  overlies  Unit  4  and 
is  restricted  to  the  present-day  slope  and  has  velocities 
ranging  from  2.4  to  2.7  km/sec.  The  basal  plane  of  the 
Prerif  nappe  truncates  this  unit  to  the  east.  Missing 
portions  of  the  eastward  extension  of  Unit  3  have 
probably  been  incorporated  within  the  nappe.  The  basal 
plane  of  the  nappe  also  truncates  Unit  4  beneath  the 
present-day  slielf  edge. 

Unit  4.  The  unit  consists  of  2  facies,  the  easternmost 
contains  more-or-less  flat  reflectors  exhibiting  pro¬ 
gressively  steeper  dips  with  depth.  This  fan-like  reflec¬ 
tor  pattern  strongly  suggests  deposition  on  a  passive 
margin  where  the  seaward  edge  is  sui- siding  more  rapidly 
than  the  landward  edge.  Seismic  sections  of  the  north¬ 
east  coast  of  the  United  States  (e.g.  ScHee  et  aL,  1976) 
and  parts  of  West  Africa  (e.g.  Vail  et  ah,  1977,  p.  80) 
commonly  exhibit  this  type  of  reflector  pattern.  Veloc¬ 
ities  in  the  inferred  shelf  facies  of  Unit  4  range  from 
3.0-4.0  km/sec.  Velocities  tend  to  increase  with  depth  in 
the  unit. 

The  seaward  facies  of  Unit  4  is  thought  to  represent 
the  anastomosing,  lensoid  reflector  pattern  caused  by 
offlapping  deposition  on  a  continental  slope  such  as  that 
described  by  Mitchum  et  aL  (1977,  p.  119,  fig.  2c). 
Subsequent  faulting  and  possibly  movement  of  the  in¬ 
ferred  underlying  salt  have  disrupted  to  some  extent  the 
offlap  pattern  in  Figure  2.  The  interval  velocity  range 
of  the  slope  facies  of  Unit  4  is  3.3-4.3  km/sec.  Veloc¬ 
ities  generally  increase  with  depth  in  the  unit. 

Unit  5.  This  consists  of  two  possibly  diachronous 
facies.  The  western  facies  beneath  the  inferred  slope 
facies  of  Unit  4  is  defined  on  the  basis  of  several  strong, 
broadly  convex  upward  reflectors.  We  suggest  that  these 
reflectors  may  represent  tops  of  salt  pillows,  as  salt  of 
Triassic-Liassic  age  is  known  both  onshore  and  offshore 
in  the  region  (Figure  1).  The  base  of  the  unit  is 
undetermined.  The  eastern  part  of  Unit  5  is  bounded  on 
the  top.by  (1)  a  strong  reflector- forming  acoustic  base¬ 
ment  beneath  the  shelf  facies  of  Unit  4  and  (2)  the  Prerif 
basal  plane  east  and  north  of  SP  1500.  Precambrian 
basement  and  a  limestone  platform  of  Jurassic  age 
underlie  the  onshore  extension  of  the  Prerif  Nappe  to  the 
east.  The  aioustic-basement  reflector  may  represent 
the  upper  surface  of  one  or  the  other  of  these  units; 


Interpretation 

Date  summarized  above  suggest  the  following,  evolu¬ 
tion  of  the  Rharb  basin  margin. 

1.  Rifting,  deposition  of  salt  and  earliest  clastic 
rocks  during  Triassic-Liassic,  followed  by  drifting  in 
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Liassic  (?)  or  slightly  earlier  time.  Unit  5  is  thought  to 
belong  to  this  phase. 

2.  Development  of  a  shelf  and  slope  on  a  cooling, 
subsiding  passive  margin  during  Jurassic  (?),  Cretaceous 
and  possibly  earliest  Tertiary.  Unit  4,  and  possibly  Unit 
5,  were  deposited  during  this  interval. 

Velocities  ranging  up  to  and  above  4.0  km/sec  in 
lower  parts  of  Unit  4  suggest  carbonates.  Onshore  wells 
penetrated  carbonates  of  Jurassic  age  in  the  Rharb  basin 
and  exotic  carbonate  blocks  of  Cretaceous  age  occur  in 
the  shale  series  and  Prerif  Nappe.  We  suggest,  there¬ 
fore,  that  Unit  4  consists  for  the  most  part  of  middle-to- 
late  Mesozoic  carbonates,  part  of  what  may  have  once 
been  a  continuous  carbonate  bank  extending  from  south¬ 
west  Morocco  into  the  Rharb  basin.  This  inferred 


expose  an  outcrop  sequence  similar  to  that  described  by 
Suter. 

5.  Abrupt  cessation  of  tectonic  activity  followed  by- 
deposition  of  post-nappe  slope  and  shelf  sediments. 

The  Unit  1  slope  facies  is  undeformed  and  the  Unit  1 
shelf  facies  deformation  is  probably  due  to  compaction  and 
minor  diapiric  movements  in  the  mobile  subunit  2a.  Unit  1 
facies  appear  to  be  prograding  slightly  seaward,  probably  as 
a  result  of  increased  sediment  flux  from  erosion  of  the 
uplifted  Rif  sediments. 


Aauin-  farfaya  Basin  -  Canary  Arch 


platform  was  broken  and  fragmented  during  the  Alpine 
orogeny.  The  velocities  do  not  preclude  evaporites  in 
Unit  4. 

3.  Clastic  deposition  or.  the  shelf  and  slope  and 
minor  faulting  associated  with  the  onset  of  Alpine  de¬ 
formation.  Unit  3  was  deposited  during  this  pnase. 

Unit  4  appears  to  have  been  deformed  somewhat, 
then  dropped  downward  during  early  phases  of  the  Alpine 
orogeny  to  allow  the  deposition  of  Unit  3.  Greater 
magnitudes  of  fault  movement  along  the  upper  surfaces 
of  Unit  4  than  Unit  3  suggest  that  deformation  began 
after  deposition  of  Unit  4  and  continued  through  deposi¬ 
tion  of  Unit  3.  Unit  3  probably  represents  clastic 
sediments  shed  from  the  rising  Paleozoic  and  limestone 
Dorsal  sequences  into  the  incipient  Rharb  basin  during 
the  early  stages  of  Rif  deformation.  This  would  make 
tie  Unit  3-4  unconformity  latest  Cretaceous-Eocene  in 
age. 

4.  Emplacement  of  the  Prerif  Nappe  by  thrust 
faulting  in  the  Middle  Miocene.  Unit  2  belongs  to  this 
phase. 

The  character  of  the  basal  plane  of  the  Prerif 
Nappe  in  Figure  2  suggests  a  thrust  fault.  Its  northward 
dip  of  UB^is  too  steep  for  gravity  gliding.  The  basal 
plane  truncates  units  3  and  4;  further,  it  is  over  7  km 
deep  and  still  dipping  northward  where  the  reflection  is 
lost  at  SP  1330.  These  facts  seem  inconsistent  with  a 
gravity  gliding  origin. 

On  the  other  hand,  evidence  of  gravitational  gliding 
is  strong  on  the  Atlantic  seafloor  north  and  west  of 
Figure  2  and  on  land  east  of  Figure  2.  The  evidence  for 
gravity  gliding,  however,  tends  to  be  restricted  to  tisc 
outer  edge  of  thf  Prerif  Nappe.  We  interpret  the  data  to 
indicate  the  Pro  5  Nappe  was  initiated  by  southward- 
directed  thrusting  rooted  well  to  the  north  of  its  present- 
day  outcrop.  The  extremely  mobile  matrix  of  the  upthrust 
block  flowed  outward  toward  the  lower  elevations  during,  or 
perhaps  after,  faulting.  Fiowage  created  structures  ob¬ 
served  in  the  Rharb  Basin  and  in  the  Atlantic. 

The  data  shown  in  Figure  2  also  suggest  an  explanation 
for  the  inner  -  outer  zonation  of  the  Prerif  Nappe  described 
in  Faure-Muret  and  Choubert  (1971).  Seismic  velocities  of 
inner  zone  flyscn,  marls  and  exotic  blocks  could  match 
velocities  of  subunit  2b  if  the  inner  zone  contained  a 
sufficiently  large  fraction  of  high-velocity  exotic  blocks. 
Lower  velocities  of  subunit  2a  are  appropriate  for  .the 
muddy,  marly  melange  of  the  outer  zone.  Thus,  uplift, 
southward  tilting  and  erosion  of  the  nappe  in  Figure  2  might 
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Geologic  Setting 

The  Aauin-Tarfaya  basin  is  one  of  several  basins 
formed  along  the  coast  of  Northwest  Africa  by  post-rift 
subsidence.  Vail  et  al.  (in  press,  figure  5)  show  the  outer 
shelf  of  the  Aauin-Tarfaya  basin  underlain  by  over  two 
seconds  of  Jurassic  and  Cretaceous  sediments  covered  by 
a  Tertiary  veneer.  An  additional  two-plus  seconds  of 
Triassic  and  older  (?)  sediments  lie  beneath  the  Jurassic. 
Average  sedimentary  velocities  for  rocks  of  equivalent 
age  and  depth  suggest  a  total  section  thickness  in  excess 
of  S  km.  Tertiary  deep-sea  sediments  lap  up  on  the 
Cretaceous  slope.  Most  pinch  out  but  a  few  continue  up 
onto  the  shelf  with  greatly  decreased  thicknesses. 

In  late  Cretaceous,  marine  transgression  into  the 
region  of  the  Souss  Trough  presaged  the  elevation  and 
deformation  of  the  Atlas  during  Pyreneic  (post-Lutetian) 
phase  in  late  Eocene  time  (Choubert  et  al.,  1965).  More 
intense  folding  of  the  Atlas  followed  during  pre-Aquitan- 
ian  compression  at  the  Miocene-Oligocene  boundary  (Al¬ 
lard  et  aL,  1958). 

The  South  Atlas  lineament  (Figure  1)  separates  the 
High  Atlas  to  the  north  from  the  Anti-Atlas  to  the  south. 
Dillon  and  Sougy  (1974)  note  that  this  controversial 
lineament  (or  fault?)  marks  the  boundary  between  more 
or  less  unfolded  miogeosynclinal  Paleozoic  rocks  of  the 
Tindouf  basin  and  Anti-Atlas  and  Paleozoic  eugeosyn- 
clinal  facies  in  the  High  Atlas.  Dewey  et  al.  (1973) 
interpret  it  as  a  right-lateral  transform  fault  active  in 
early  phases  of  opening  of  the  Atlantic,  but  locked  shut 
after  Middle  Jurassic.  LePichon  and  Fox  (1971)  extend 
the  lineament  through  the  Kelvin  Seamounts  and  connect 
it  with  the  40  N  fault  of  the  northeastern  U.  S.  conti¬ 
nental  margin.  The  feature  marks  the  southern  limit  of 
Alpine  orogeny  in  north  Africa  (Choubert  and  Marais, 
1952).  Pliocene  downwarping  and  sedimentation  in  the 
Souss  Trough  represent  the  latest  major  movement  near 
the  lineament.  It  is  still  seismically  active. 

Numerous  investigators  (e.g.  Lehner  and  DeRuiter, 
1977;  LePichon  and  Fox,.  1971)  have  remarked  on  the 
apparent  alignment  of.  the  South  Atlas  lineament,  the 
southern  margin  of  the:sait  basin,  and  the  southern  limit 
of  the  Canary:  Islands.  This  alignment  is  suggested  as 
evidence  of  a  major  fracture  zone.extending  offshore  at 
this  point. 

„  The  location  of  the  ocean-continent  boundary  in  the 
Canary  Island  region  is  in  dispute.  Uchupiet  aL  (1976) 
concluded  that  existing  evidence  favored  attenuated 
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continental  crust  underlying  much  of  the  region  between 
the  coast  and  the  Canary  Islands.  Von  Rad  and  Arthur 
(this  volume)  suggest  the  boundary  lies  beneath  the  lower 
continental  slope.  Thick  salt  deposits  in  the  Red  Sea  and 
Gulf  of  Mexico  lie  on  continental  crust  in  those  regions 
where  subsalt  crustal  character  can  be  determined.  Thus, 
salt  diapirism  in  the  Canary  gap  would  seem  to  support  the 
existence  of  continental  crust  in  the  gap.  Seismic  refrac¬ 
tion  data  from  the  gap  (P.  Goldflam,  K.  Hinzand  W.  Weigel, 
pers.  comm.)  are  equivocal.  They  show  about  8  km  of  5.6 
km/sec  material  overlying  an  unknown  thickness  of  7.3 
km/sec  material. 

Oceanic  rocks  are  included  in  the  basement  series  of 
the  Canary  Islands  (Uchuju  et  al.,  1976).  The  seismic 
signature  of  the  acoustic  basement  west  of  the  Islands  and 
linear  seafloor-spreading  magnetic  anomalies  indicate  that 
oceanic  crust  extends  into  the  Canary  Arch  from  the  west 
(Uchupi  et  al.,  1976).  Thus,  the  Canary  Islands  evidently 
formed  on  oceanic  crust. 

Initial  uplift  of  the  Canary  Arch  occurred  not  earlier 
than  middle  Cretaceous  and  not  later  than  Miocene. 
Robertson  and  Stillman  (1979)  suggest  an  Albian  age  for 
initial  uplift  based  on  their  studies  of  Fuerteventura  sedi¬ 
ments.  They  interpret  the  sedimentary  sequence  as  indi¬ 
cating  localized  uplift  in  the  Albian,  followed  successively 
by  a  hiatus,  extrusion  of  alkalic  submarine  volcanic  rocks, 
folding,  and  finally  intrusion  of  a  sheeted  dike  complex 
beginning  in  Eocene  and  ending  in  Mid-Miocene.  This 
sequence  of  events  suggests  crustal  uplift,  compression  and 
extension,  all  synchronous  with  High  Atlas  orogenic  events. 

Grunau  et  al.  (1975)  infer  an  Eocene-Middle  Miocene 
age  of  the  initial  uplift  based  on  K-Ar  studies  in  Fuerte¬ 
ventura  (Canary  Islands),  Maio  (Cape  Verde  Islands),  and  Sao 
Tome  (Gulf  of  Guinea).  They  internet  coincident  ages  of 
early  magmatic  phases  in  these  localities  as  indicative  of  a 
change  in  the  regional  stress  field  of  the  crust,  probably  as  a 
result  of  collision  of  African  and  Euro-Asian  plates. 

Von  Rad  and  Arthur  (this  volume)  conclude  that  no 
subaerial  Canary  Ridge  existed  during  Mesozoic  to  Eocene 
times.  They  find  the  earliest  datable  volcanic  event  evi¬ 
denced  in  Site  397  cores  is  a  submarine  shield-building  stage 
of  early  Miocene  age. 


Discussion  of  Results  and  Interpretation 

Salt  Basin.  Seismic  data  show  a  moderately  thick- 
section  of  sediments  intruded  by  numerous  diapirs,  prob¬ 
ably  salt.  Correlation  of  deeper  units  in  the  center  of 
the  zone  are  necessarily  uncertain  as  the  diapirs  disrupt 
the  reflectors.  We  have  more  confidence  in  ages  of  units 
along  the  margins  of  the  diapir  zone  where  we  are  able 
to  tie  reflectors  to  wells.  The  slope  data  are  tied  to 
Exxon  wells  via  proprietary  and  published  (Vail  et  aL,  in 
press)  data.  Deep  ocean  data  are  tied  to  DSDP  hole  415 
via  BGR  line  3902  (H.-3.  Dostmann,  pers.  comm.).  Con¬ 
sequently,  diapir  zone  units  are  only  approximately  time- 
equivalent  to  Canary  Arch  units. 

In  the  Salt  Basin  (Figure  3),  we  recognize  6  units. 
Relatively  flat-lying  reflectors,  broken  across  some  but 
riot  all  diapirs,  characterize  Unit  1  of  PUo-Pleistocenc 
age.  Unit  1  rests  unconformably  on  Unit  2  of  probably 
Pliocene-Late  Miocene  age.  Unit  2  thickens  to  a  maxi¬ 
mum  of-appioximafely  800  m  or  more  under  the  lower 


rise,  then  thins  toward  the  Canary  Aren,  t  .of  the 
Salt  Basin,  east  of  SP  1730,  the  base  of  Un,.  c  lies  in  an 
erosional  channel  cut  into  the  upper  part  ;  Unit  3.  An 
analogous  channel  may  be  responsible  foi  the  thickening 
of  Unit  2  in  the  outer  part  of  the  zone. 

Units  3  and  4  attain  maximum  thicknesses  'lo_,  .o 
shore  and  Unit  5,  as  shown  by  Vail  et  al.  On  press), 
attains  its  maxim-m  thickness  closer  to  shore  than  Units 
3  and  4,  indicating  that  the  lower  slope-upp.o-  rise  has 
prograded  seaward  during  the  time  interval  represented 
by  Units  3,  4,  and  5.  Units  3  and  4  are  probably  Miocene 
in  age.  The  Oligocene  unconformity  underlies  Unit  4. 
Unit  5  is  thought  to  be  mainly  Lower  Cretaceous  in  this 
section,  and  Unit  6  (whose  base  is  not  evident  in  Figure 
3)  is  thought  to  be  the  Jurassic  carbonate  sequence. 

Diapirs  in  Figure  3  are  unusual  in  that  they  lack  rim 
synclines  indicative  of  salt  withdrawal  as  are  often  seen 
in  other  areas  such  as  Sigsbee  Knolls  of  the  Gulf  of 
Mexico  (see  e.g.  Watkins  et  al.,  1976). 

The  Jurassic  magnetic  quiet  zone  north  of  the  Canary 
Islands  is  wider  than  it  is  to  the  south  of  the  Canary 
Islands  (Dewey  et  al ,  1973).  This  together  with  the 
termination  of  salt  diapirs  at  approximately  the  same 
location  as  tlie  change  in  width  of  the  quiet  zone, 
suggests  that  the  diapirs  derive  from  a  thick  salt  layer 
deposited  in  a  rift  valley  floored  by  thinned  continental 
crust  or  possibly  floored  in  part  by  early-formed  oceanic 
crust  destined  to  become  an  initial  segment  of  the 
Atlantic  Ocean.  A  transform  fault  probably  terminated 
the  rift  valley  south  of  the  salt  basin  along  the  present 
day  southern  boundary  of  the  Canary  Islands. 

Poor  resolution  of  early  Mesozoic  reflectors  prohibits 
drawing  any  inferences  about  the  character  of  the  South 
Atlas  lineament  within  the  diapir  zone  prior  to  Tertiary 
time.  We  see  no  evidence  of  tectonic  activity  attribut¬ 
able  to  movements  along  the  South  Atlas  fault  during  the 
Alpine  orogeny.  Although  the  trace  of  a  major  fault 
could  lie  hidden  within  a  diapir,  significant  movement 
should  produce  observable  changes  n  the  depositional 
patterns  of  the  Tertiary  sediments  within  the  salt  basin. 
Absence  of  marked  changes  in  thickness  and  seismic 
character  suggests  that  any  genetic  link  between  Alpine 
deformation  in  the  Atlas  Mountaiijs  and  uplift  and  volca- 
nism  in  the  Canary  Islands  did  not  take  tiie  form  of  a 
connecting  fracture  zone. 

Canary  Arch.  We  divide  the  seismic  section  in  this 
area  into  7  units  (Figure  3).  Differences  in  seismic 
character  suggest  further  division  into  eastern  and  wes¬ 
tern  reflector  facies.  Reflectors  in  the  facies  east  of 
the  Arch  are  relatively  fiat,  whereas  reflectors  west  of 
the  Arch  are  sinuous  and  sometimes  discontinuous. 

As  mentioned  earlier,  reflectors  have  been  tied  to 
DSDP  Hole  415  via  R/V  METEOR  line  3902  shot  by  the 
Bundesanstalt  fur  Geowissenschaften  und  Rohstoffe 
(BGR  -  The  Federal  German  Geological  Survey).  The 
connecting  section  of  3902  consists  of  single-channel 
analog  data,  and  individual  cycles  cannot  be  followed 
everywhere.  Hence,  ties  may  be  slightly  in  error. 
However,  the  pronounced  character  of  reflectors  in  this 
area  facilitates  correlation  and  enhances  our  confidence 
in  age  attributions.  The  location  of  the  intersection  of 
METEOR  line  3902  and  the  GULFREX  line  is  shown  in 
Figure-3; 
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The  following  table  summarizes  our  attribution 
of  unit  ages. 

The  large  number  of  unconformities,  some  represent¬ 
ing  sizeable  gaps  in  time  (Lancelot,  Winterer,  et  at., 
1977),  the  thick  siide  reported  in  Hole  415,  slumps 
discussed  later  in  this  paper,  and  the  buried  channel  in 
the  vicinity  of  SP  J600  suggest  that  seafloor  erosion  has 
been  active  in  this  area  at  least  throughout  the  Tertiary. 

Patterns  of  erosion  and  deposition  over  the  Canary 
Arch  indicate  that  Canary  Arch  uplift  is  post-Middle 
Cretaceous  and  pre-Early  Eocene.  Unit  5,  of  predomi¬ 
nantly  Middle  Cretaceous  age,  shows  no  effects  of  the 
uplift  except  for  erosion  of  the  upper  surface  of  the  unit. 
Reflector  intervals  thin  uniformly  seaward,  passing  over 
the  Arch  with  no  apparent  change  in  rate  of  thinning. 
The  top  of  Unit  5  is  eroded,  the  largest  amount  of 
missing  section  occurring  at  the  ctest  of  the  arch  and 
the  least  amount  occurring  in  the  swale  in  the  vicinity  of 
SP  1609.  This  suggests  that  Unit  5  was  uplifted  and 
eroded  during  the  time  interval  represented  by  the 
overlying  unconformity,  Le.  Late  Cretaceous-Paleocene. 

Sinuous,  discontinuous  reflectors  within  Units  5  and  6 
(vicinity  SP  0100)  and  the  presence  of  magnetic  anoma¬ 
lies  suggest  that  igneous  activity  west  of  the  Arch  may 
have  begun  earlier  than  Eocene  as  suggested  by  Robert¬ 
son  and  Stillman  (1979).  Alternatively  the  sinuous  re¬ 
flectors  may  represent  oceanic  basement  or  intrusives. 

Unit  4  of  inferred  Eocene  age  thins  perceptibly  over 
the  crest  of  the  Arch,  indicating  that  uplift  began  prio* 
to  deposition.  Volcanics  and  volcaniclastics  evident 
between  SPs  0300  and  0430  indicate  volcanic  activity 
during  the  Eocene,  coincident  with  results  of  Grunau  et 
<fl.'  (1975)  from  other  volcanic  :r!ands  off  northwest 
Africa.  Seismic  reflection  data  thus  suggest  that  uplift 
*f  the  Arch  and  volcanic  activity  began  during  or  prior 
to  Eocene  time. 

The  top  of  Unit  4  -  base  of  Unit  3  is  thought  to  be 


equivalent  to  the  BGR  tan  reflector,  found  in  DSDP  Hole 
370/416  to  be  a  late  Oligocene  unconformity.  The  tan 
reflector  could  not  be  followed  from  Hole  370/416  to 
Hole  415  (Lancelot,  Winterer,  et  aL,  1977)  but  drilling 
revealed  an  unconformity  between  units  of  Eocene  and 
early  Miocene  age  at  an  appropriate  depth.  Oligocene 
rocks  in  Hole  415  may  have  been  missed  due  to  the 
intermittent  nature  of  core  collection. 

Unit  3  lies  between  the  Oligocene  unconformity  and 
the  BGR  brown  reflector  of  Middle  Miocene  age.  No 
unconformity  correlative  with  the  brown  reflector  was 
found  in  Holes  370/416  and  415,  nor  was  an  unconformity 
noted  at  the  Unit  1  -  Unit  2  contact,  whereas  both  are 
clearly  unconformable  in  the  seismic  data,  especially 
near  SP  1600. 

Villa  Cisneros 

Geologic  Setting 

Evidence  of  seafloor  erosion  in  seismic  sections  is 
corroborated  by  DSDP  Holes  369  (Lancelot,  Seibold,  et 
aL,  1978)  and  397  (Ryan,  von  Rad  and  Arthur,  this 
volume)  which  penetrated  unconformities  representing 
major  hiatuses  off  Cape  Bojador.  The  largest  hiatus 
identifed  in  the  lower  slope  by  Hole  397  ranged  in  age 
from  Hauterivian  to  early  Miocene  and  that  found  in 
Hole  369  from  Maestrictian  to  middle  Eocene.  Von  Rad 
and  Arthur  (this  volume)  observes  that  4,000  -  15,000 
km3  of  lower  slope  sediments  were  removed,  probably 
during  late  Eocene-Miocene  time.  Numerous  less  dra¬ 
matic  unconformities  also  exist  as  noted  in  the  above 
discussion.  Vail  et  aL  (in  press)  identify  28  major 
unconformities  in  the  area  ranging  in  age  from  basal 
Sinemurian  through  basal  Messinian. 

Much  of  the  eroded  materia!  was  transported  into 
deeper  waters  of  the  Atlantic  eiti»cr  grain  by  grain  or  as 


TABLE  1 

Unit  Comment  Age 


1 

2 


3. 


4 

5 

6 


BGR  brown  refL  at  base 

BGR  tan  refl.  at  base 
Oligocene  unc. 

BGR  red  refl.  at  base 
(near  base  Tertiary) 

Base  -  Top  L.  Cretaceous 


Pleistocene 

Middle  Miocene-Pliocene 
Early-Middle  Miocene 

Early-Eocene 

Middle  Cretaceous 

Early  Cretaceous 
and  older 


7 


Acoustic  basement 


-Variable,  Cretaceous  to 
Pre{?)  Jurassic 


*BGR  data  published  by  Lancelot,  Winterer,  et  aL  (1977),  referred  *  reflectors  by  a  color 
scheme.  The  above  notes  how  our  data  tie  to  BGR  data.  '  '  ' 
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Figure  2.  Seismic  section  and  matching  line  drawing  from  offshore  Rharb  Basin.  Units  are  as 
sediments,  (la)  Vp  «  t.8-2,0  km/sec.  (tb)  Vp  »  2, 0-2. 2  km/sec,  (tc)  Vp  ■  2. 3-2. 6  km/sec,  (Id)  ' 
(Tortonian).  (2a)  Vp  •  2.7-3.1  km/sec.  except  in  western  extremity  where  Vp  •  2.5  km/sec.  (2b 
Vp  «  2.4-2.7  km/sec.  (4)  Paleo  shelf  (east)  and  stope  (west)  of  Cretaceous  (?>  age.  probably  i 
3.3-4.3  km/sec  (slope),  (5)  possibly  Triassic-liassic  sat-  in  western  part,  Precambrian  baser™ 


SECONOS  SECONDS 


northern  Tarfaya  basin  to  vicinity  Dacia  Bank.  Sg.lt _ba sin.  Ages  of  units  are  inferred  as  follovs:  (1)  Plio-Pleistocene, (2}ij 
wer  Cretaceous  and  (6) probably  Jurassic  carbonates.  Canary  Arch-Dacia  Bank.m pi stocene  (2)Midd;e  Miocene-Pliocene, (3)Early j 

'  y--rilt^r3902^ndi^r  in°\eqU1V?  ^  t0  V"  th?  faltBasin,  (5)Middle  Cretaceous,  Early  Cretaceous  and  ol 
d;posaibly  older.  Meteor  3902  indicates  location  of  intersection  with  seismic  section  tying  data  to  DSDP  hole  415.  Note  chan 


(leistoccr.? . (2)Late  Miocene-Pliocene, (3)and{4)Miocene  with  Oligocene  unconform- 
ocene,  (3)Early  Middle  Miocene  with  Oligocene  unconformity  at  base,  (4) 
etaceous  and  older  (?)  , (6)Middle  Mesozoic,  and  (7)Basement,  age  ranges 
415.  Note  change  in  horizontal  scale  on  either  side  of  course  change  at  12:38. 


part  of  turbidite  flows,  but  some  sediments  were  trans¬ 
ported  as  olistostromes  or  debris  flows.The  "slope  anti¬ 
cline"  (Figure  1;  Seibold  and  Hinz,  1974;  Uchupi  et  al., 
1976;  Todd  and  Mitchum,  1977,  Fig.  9,  p.  157),  especial¬ 
ly  the  northern  part,  dramatically  shows  erosion  and 
mass  wasting,  much  of  it  by  slumping.  One  such  flow  was 
reported  from  DSDP  Hole  415  (Lancelot,  Winterer,  et 
al.,  1977). 

Discussion  of  Results 

Tiie  extreme  eastern  part  of  Figure  4a  shows  the 
outer  edge  of  the  slope  anticline.  Two  major  unconform¬ 
ities  and  faults  at  bases  of  prominent  slumps  are 
marked.  Debris  flows  of  varying  magnitude,  such  as  those 
of  Figures  4a  and  4b,  can  be  seen  in  other  seismic 
sections.  A  seismic  line  to  the  north  of  that  shown  in 
Figure  4  (see  Figure  1)  also  shows  flow  units  at  the  same 
depth  that  are  probably  extensions  of  those  in  Figure  4. 
The  seismic  data  suggest  that  the  aggregate  volume  of 
flows  shown  in  Figures  1  and  4  is  about  Mr  km3,  which 
represents  a  significant  fraction  of  material  removed 
from  the  slope  anticline  (Hinz  et  al.,  1974).  Price  (in 
press)  shows  data  indicating  that  the  volume  of  the  flow 
found  in  DSDP  Hole  415  was  probably  larger  than  that  of 
the  flows  in  Figure  4. 

Interpretation 

We  have  been  unable  to  obtain  reliable  ages  for 
reflectors  in  Figure  4  by  ties  to  DSDP  holes,  but  if 
sedimentation  rates  are  roughly  equivalent  to  those 
observed  in  DSDP  Holes  397,  415  and  370,  the  slumps  are 
probably  mid-Tertiary  in  age.  Prominent  Oligocene  and 
Miocene  unconformities  on  the  slope  are  probably  equiv¬ 
alent  in  age  to  these  slumps.  It  is  interesting  that  the 
slumps  were  emplaced  with  sufficient  vigor  to  scour  the 
underlying  seafloor  in  places  (Fig.  4b). 

Gravity  gliding,  debris  flows  and  turbidite  flows  are 
common  off  the  Atlantic  margin  of  northwest  Africa. 
Possibly  they  were  triggered  to  some  extent  by  earth¬ 
quakes  as  was  the  case  during  the  1929  Grand  Banks 
earthquake  off  the  eastern  coast  of  North  America.  The 
large  slumps  appear  as  subtle  features  on  seismic  sec¬ 
tions;  the  flow  in  DSDP  Hole  415  was  not  recognized 
prior  to  drilling.  This  flow  may  be  present  in  Figure  3, 
but  we  cannot  conclusively  identify  it  because  of  the 
poor  resolution  deeper  in  the  section.  We  suggest, 
therefore,  that  gravity  sliding,  olistrostrome  and  coarse 
debris  flow  emplacement  may  be  a  :more  important 
mechanism  of  submarine  deposition  than  generally  recog¬ 
nized. 
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SUBSIDENCE  AND  EUSTASY  AT  THE  CONTINENTAL  MARGIN  OF  EASTERN  NORTH  AMERICA 
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Lamont-Dohorty  Geological  Observatory  and  Department  of  Geological  Sciences 
of  Columbia  University,  Palisades,  New  York  10964 


Abstract.  Biostratigraphic  data  from  the  COST 
B-2  well  off  New  York  and  tour  deep  commercial 
wells  off  Nova  Scotia  have  been  used  to  remove 
the  effect  of  sediment  loading  at  the  Atlantic- 
type  continental  margin  off  the  East  Coast,  North 
America.  The  resulting  subsidence  contains  terms 
due  to  both  "tectonic"  and  "eustatic"  effects.  By 
assuming  the  tectonic  subsidence  is  thermal  in 
origin  these  effects  can  be  separated.  The 
"eustatic"  effects  have  been  isolated  by  least 
squares  fitting  an  exponential  curve  to  the 
subsidence  data.  The  resulting  sea-level  curve 
shows  a  maximum  rise  in  sea- level  during  the  Late 
Cretaceous  (about  75-80  m.y.B.P.)  which  probably 
does  not  exceed  150  meters.  The  tectonic  subsi¬ 
dence  hfs  been  interpreted  in  terms  of  a  simple 
thermal  model  for  the  cooling  lithosphere.  Based 
on  this  model  the  thermal  thickness  of  the  litho¬ 
sphere  and  the  total  amount  of  crustal  thinning 
are  estimated.  These  estimates  which  are  consis¬ 
tent  with  surface  ship  gravity  and  GEOS-3  altim¬ 
eter  measurements  are  used  to  define  the  struct¬ 
ural  elements  which  control  the  tectonic  evolu¬ 
tion  of  the  margin. 

Introduction 

The  Atlantic-type  continental  margin  off  the 
East  Coast  of  North  America  comprises  a  substan¬ 
tial  thickness  @  12  km)  of  seaward  dipping 
Mesozoic  and  Tertiary  sediments  (for  example, 
Sheridan,  1974;  Schlee  et  al.,  1976;  Jansa  and 
Wade,  1974).  Biostratigraphic  data  from. deep 
commercial  boreholes  in  the  outer  continental 
shelf  (Scholle,  1977;  Gradate in  et  al. ,  1975; 

Jansa  and  Wade,  1975)  show  that  a  large  proportion 
of  these  sediments  were  deposited  in  shallow-water 
environments.  Such  large  thicknesses  of  shallow- 
water  sediments  cannot  be  causediby  the  effects  of 
sediment  loading  alone  and, other  factors, must 
contribute  to  the  observed  subsidence, 

A  number  of  authors  (Sleep,  1971;  Artemjev  and 
Artyushkov,  1971,  Bott,  1973;  Falvey,  1974; 
McKenzie,  1978)  have  discussed  the  origin  of  the 
subsidence  of  Atlantic-type  margins.  A  useful 
approach  (Sleep,  1971;  Watts  and  Ryan,  1976; 
Steckler  and  Watts,  1978)  is  to  account  quantita¬ 
tively  for  the  effect  of  sediment  loading  and 
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Isolate  that  part  of  the  subsidence  which  is  not 
caused  by  the  weight  of  the  sediments.  Sleep 
(1971)  corrected  for  sediment  loading  using 
stratigraphic  data  from  more  than  35  coranercial 
boreholes  in  the  U.S.  coastal  plain.  He  showed 
that  the  subsidence  not  caused  by  sediment  loading 
was  exponential  in  form  and  that  it  was  probably 
thermal  in  origin.  Watts  and  Ryan  (1976)  used 
biostratigraphic  data  from  the  Gulf  of  Lion  in  the 
western  Mediterranean  and  showed  that  the  subsi¬ 
dence  was  similar  in  form  to  the  empirical  ocean 
ridge  curve,  and  Steckler  and  Watts  (1978)  used 
biostratigraphic  data  from  the  COST  B-2  well  off 
New  York  and  showed  that  the  subsidence  could  be 
Interpreted  in  terms  of  a  simple  thermal  model  for 
the  lithosphere. 

In  order  to  quantitatively  evaluate  and  remove 
the  effect  of  sediment  loading  two  procedures 
should  be  followed  (Steckler  and  Watts,  1978). 
First,  use  biostratigraphic  data  to  reconstruct 
the  sedimentary  section  during  the  development  of 
the  margin.  Second,  "backstrip"  the  sedimentary 
section  to  obtain  the  subsidence  not  caused  by  the 
weight  of  sediments. 

The  resulting  subsidence  of  the  margin,  however, 
is  affected  by  world-wide  changes  in  sea-level 
through  time.  These  changes  act  as  an  additional 
load  of-water  on  the  basement.  Sleep  (1971)  and 
Watts  and  Ryan  (1976)  did  hot  correct  for  sea- 
level  changes.  Steckler  and  Watts  (1978)  cor¬ 
rected  for  sea-level  changes  using  Pitman's  (1978) 
curve,  based  on  changes  in  ridge  crest  volumes  and 
Vail  et  al  r  '1977)  curve  based  on  seismic  strat¬ 
igraphy.  Steckler  and  Watts  (1978)  showed  that 
this  correction  was  large  and  that  it  signifi¬ 
cantly  altered  the  shape  of  the  subsidence  curve. 

There  is  a  difficulty,  however,  in  determining  a 
sea-level  curve  because  "tectonic"  and  "eustatic" 
effects  cannot  be  easily  separated  (for  example, 
Fairbridge,  1961;  Hallam,  1963).  For  example. 
Pitman  (1978)  assumed  a  single,  constant  hypso¬ 
metric  curve  for  the  continent*  through  time. 
Differential  changes  in  continental  hypsometry, 
however,  may  have  significantly  altered  this 
curve  (Bond,  1978).  '  ‘  ~  ¥ 

There  is  now  good  evidence  that  the  subsidence 
of  Atlantic-type  margins  not  caused  by  the 


effects  of  sediment  loading  is  thermal  in  origin 
(Sleep,  1971;  Watts  and  Ryan,  1976;  Steckler  and 
Watts,  1978).  Thermal  models  predict  that  the 
subsidence  is  a  function  of  age  and  is  exponential 
in  form.  It  should  therefore  be  possible  at  a 
margin  to  separate  the  thermal  or  "tectonic"  part 
of  the  subsidence  and  isolate  that  part  caused  by 
"eustatic"  changes  in  sea-level. 

The  purpose  of  this  paper  is  to  use  biostrati- 
graphic  data  from  five  wells  off  the  East  Coast, 
North  America  (Fig.  1)  to  quantitatively  under¬ 
stand  the  origin  of  the  subsidence  of  Atlantic- 
type  continental  margins.  By  assuming  the  sub¬ 
sidence  is  thermal  in  origin  we  can  separate 
"tectonic"  and  "eustatic"  effects.  The  "eustatic" 
effects  are  interpreted  in  terms  of  a  new  sea- 
level  curve  and  the  "tectonic"  effects  in  terms  of 
a  simple  thermal  model  for  the  cooling  litho¬ 
sphere.  This  model  is  used  to  place  constraints 
on  the  evolution  of  the  margin. 

Data  Reduction 

Biostratigraphic  data  from  the  five  wells  off 
the  East  Coast,  North  America  (Fig.  1)  have  been 
used  to  remove  the  effect  of  sediment  loading  at 
the  margin.  We  have  used  the  "hackstripping" 
technique  described  by  Steckler  and  Watts  (1978) 
assuming  the  Airy  model  of  isostasy.  In  this  case 
"backstripping"  each  stratigraphic  horizon  can  be 
summarized  by  the  equation 


where  p  is  the  average  mantle  density,  py  is  the 
average  water  density,  and  p  is  the  average  sedi¬ 
ment  density.  Y  is  the  deptn  to  basement  without 
sediment  and  water  loads  and  represents  the  sub¬ 
sidence  caused  by  "tectonic"  effects.  S*  is  the 
sediment  thickness  corrected  for  compaction,  W^ 
is  the  water  depth  at  the  time  of  deposition,  and 
is  the  elevation  of  mean  sea-level.  The  right 
hand  term  in  equation  1  therefore  represents  the 
subsidence  caused  by  "eustatic"  effects. 

The  five  wells  (Fig.  1)  are  located  in  different 
tectonic  settings  along  the  margin  (Jansa  and 
Wade,  1975;  Scholle,  1977).  The  Naskapi  N-30 
(Fig.  2)  and  Mohawk  B-93  wells  are  located  on  the 
slowly  subsiding  La  Have  platform,  and  the  Sable 
Island  C-67  and  COST  B-2  (Fig.  2)  wells  are  loca¬ 
ted  in  deep  sedimentary  troughs.  The  Oneida  0-25 
(Fig.  2)  well  is  located  near  a  hinge  zone 
separating  these  two  tectonic  environments. 

We  suanarize  the  stratigraphy  of  eat' i  of  the 
five  veils  in  Figure  3.  The  wells  penetrated 
sediments  whichrange  in  age  from  Kiddle  to  Latest 
Jurassic  (Fig..  3;  -Williams,  1975;,  Smith  etal. , 
1976).  The  sediments  comprise. a  sequence  of 
mainly  sands .and  shales  with. only .a  small-  amount 
of  carbonate  rocks . 

To  correct  for  the  effect  of.  compaction  .(equa¬ 
tion  l)we  utilized  downhole  sonic -and .  density 


logs  for  each  well  to  determine  the  variation  of 
porosity  with  depth  (Fig.  4) .  For  the  COST  B-2 
well  we  used  the  sonic  and  density  log  porosity 
values  tabulated  in  Rhodehamel  (1977) ,  and  for 
wells  off  Nova  Scotia  we  examined  the  original 
Schlumberger  sonic  and  density  logs.  By  assuming 
that  the  porosity  versus  depth  curve  has  remained 
constant  we  calculated  the  thickness  and  average 
density  of  each  horizon  as  it  appeared  through 
geologic  time.  In  these  calculations  we  used  a 
uniform  grain  density  of  2.70  g/cm3  for  the  wells 
off  Nova  Scotia  and  2.65  g/cm3  for  the  COST  B-2 
well  (Rhodehamel,  1977).  We  also  assumed  that 
the  porosity  values  at  the  base  of  these  wells 
could  be  extrapolated  to  great  depth. 

The  paleo-water  depths  required  for  each  well 
(equation  1)  are  summarized  in  Figure  5.  Esti¬ 
mates  of  paleo-water  depth  for  the  COST  B-2  well 
are  based  on  dinoflagellates  and  benthonic  foram- 
inifera  (Smith  et  al.,  1976)  and  estimates  for 
the  wells  off  Nova  Scotia  are  based  on  unpublish¬ 
ed  multidisciplinary  studies  (F.J.  Paulus,  per¬ 
sonal  communication). 

We  have  not  applied  a  correction  for  variations 
in  water  load  due  to  changes  in  sea-level  through 
time.  Equation  1  can  therefore  be  rewritten 

V  -  Y  +  A_  - (2) 

(P  -Pj 
<_  m  w  j 

where  Y'  is  the  depth  to  basement  through  time 
corrected  for  sediment  loads,  but  still  contains 
terms  due  to  both  "tectonic"  and  "eustatic" 
effects. 

Figure  6  shows  the  total  sediment  accumulation 
and  the  calculated  Y’  for  each  of  the  wells 
through  time.  The  dotted  region  represents  that 
part  of  the  subsidence  caused  by  sediment  loading 
and  the  hatched  region  represents  that  part 
caused  by  "tectonic"  and  "eustatic"  effects. 

The  relative  smoothness  of  Y'  shows  that  "back- 
stripping"  successfully  removes  variations  in 
the  total  sediment  accumulation  through  time 
that  are  due  to  changes  in  the  supply  cf  sediments 
and  local  sea-floor  sedimentary  processes. 

Eustasy 

In  order  to  examine  Che  evolution  of  the 
margin  it  is  necessary  to  separate  the  "tectonic" 
and  "eustatic"  effects  from  Y  . 

A  number  of  studies  have  now  been  carried  out 
(Sleep,  1971;  Watts  and  Ryan,  1976;  McKenzie. 

1978;  Steckler  and  Watts,  1978)  that  suggest  the 
tectonic  subsidence  at  margins  is  thermal  in 
origin.  Sleep  (1971)  has  suggested  the  subsi¬ 
dence  is  caused  by  cooling  of  the  lithosphere 
ft llowing  uplift  and  sub-aerial -erosion  whereas 
McKenzie  (1978)  has  postulated  the  subsidence  is 
caused  by  cooling  of  the  lithosphere  following 
"stretching-.1  and  thinning  at  ther  time  of  initial 
rifting;  .McKenzie  (1978)  has  shown,  however,  that 
for  all  thermal  models  .the  subsidence  of  the 
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Figure  1.  Location  map  of  the  COST  B-2  well  (Scholle,  1977)  and  the  wells  offshore  Nova  Scotia  used 
in  this  study  (Williams,  1975;  Jansa  and  Wade,  1975;  A.  W.  Bally,  personal  complication)  ^he 
Sfology  ^  generalized  bathymetry  are  based  on  the  tectonic  map  of  North  America  (King 
1.969) .-  The  heavy,  lines  with  bars  indicate  the  location  of  the  schematic  geological  structure 
of  the  margin  shewn  In  Figure  2  and  the  heavy  lines  without  bars  indicate  the  location  of  seismic 
refraction  stations  1,  2,  3,  A  of  Keen  et  al;  (1975),  El  of  Ewing -and  Ewing  (1959)  14  of  Keen  and 
Loncarevic  (1976)  and  LL  of  Barrett  et  al.  (1964).  ~  S  - }’ 14  Keenand 


margihtcan  be  characterized  by  a  simple" exponen- 
tial  curve  for  ages  greater  than  20  to  30  m.y. 
after  initial'  rifting. 

These  considerations  suggest,  therefore,  that 
the  "tec tonic"  and ? "eus tatic"=  ef f ects  can  be 
separated  by  fitting  an  exponent  ialcurve  toY' ‘ 
We  then  interpret  the  exponential  component  of 

220  WATTS 


the  subsidence  as  the  "tectonic"  effect  and  the 
difference  between  the  exponential  and  Yv  as  the 
eustatic  effect.  We  fitted  an  exponential 
cujve  to  the  data  within  each  well  by  least 
squares,  ~  - 

In  addition,  for  the  three  wells  which  did  not 
reach  bases -at  (Oneida  0-25,  Sable  Island  C-67, 
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Figure  3-  Generalized  stratigraphy  of  the  deep 
commercial  wells  which  are  used  in  this  study  (Fig. 
1).  The  depth  to  stratigraphic  horizons  is  based 
on  Scholle  (1977)  for  the  COST  B-2  well  and  cn 
Williams  (1975)  for  the  wells  off  Nova  Scotia.  The 
slope  of  the  horizons  represents  the  uncertainty  in 
its  position. 

COST  B-2)  we  considered  the  effect,  of  the  addit¬ 
ional  data  point  at  the  base  of  the  sediments 
beneath  Che  well.  Since  this  data  point  is  at  the 
time  of  initial  rifting  a  complete  thermal  model 
must  be  used.  For  this  point  we  assumed  the  cool¬ 
ing  plate  model  of  Parsons  and  Sdater  (1977''.  As 
pointed  out  by  McKenzie  (1978)  and  Steckier  a :d 
Watts  (1978)  the  ocean  ridge  model  may  not  strict¬ 
ly  apply  to  a  continental  margin.  At  a  margin  the 
entire  lithosphere  has  probably  not  been  heated 
to  the  solidus  temperature.  A  constraint  on  this 
data  point  is  needed,  however,  in  order  to  deter¬ 
mine  the  long-term  trend  in  sea-level. 

In  order  to  apply  the  model  we  made  the  follow¬ 
ing  assumptions:  1)  The  depth  to  basement  at  the 
Oneida  0-25  well  is  5.3  km  based  on  a  nearby 
multi-channel  seismic  profile  (Given,  1977),  at 
the  Sable  Island  C-67  well  is  8.2  km  based  on  the 
contours  on  basement  map  of  the  Scotian  shelf 
(Ceological  Survey  of  Canada  map  1400  A),  and  at 
the  COST  B-2  well  is  12.8  km  based  on  nearby 
multi-channel  seismic  profile  USGS  line  2  (Schlee 
et  al. ,  1976;  Mattick,  ,1977).  2)  The  earliest 

sediments  beneath  the  well  were  deposited, at  sea- 
level  .  3)  The  subsidence  of  the  margin  began  195 

m.y.B.P.,  corresponding  to  the  time  of  extensive 
basaltic  activity  in  the  North  Atlantic  region  at 
the  Triasslc-Llassic  boundary  (Var.  Houten,  1977). 
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The  sea  levels,  h-,  ,  required  to  explain  the 
differences  between  these  exponentials  and  1" 
(equation  2)  are  shown  in  Figure  8.  Figure  8a 
indicates  the  differences  from  an  exponential 
.urve  least  squares  fitted  to  the  data  within  the 
well  and  Figure  8b  indicates  the  differences  in 
which  the  additional  data  at  the  base  of  the  well 
has  been  included.  Since  Mohawk  B-93  and  Saskapi 
K-30  both  reached  basement,  the  differences  for 
these  wells  in  Figure  8  are  the  same.  Although 
there  is  scatter  in  the  data,  a  similar  pattern 
of  sea-level  changes  can  be  distinguished  for 
each  well  (Fig.  8).  With  the  exception  of  the 
Sable  Island  C-67  well,  sea-level  appears  to  rise 
between  the  Early  and  Late  Cretaceous  and  fall 
between  Late  Cretaceous  and  Miocene.  A  smaller, 
but  rapid,  rise  in  sea-level  appears  to  occur 
during  the  Latest  Jurassic.  The  shapes  of  the 
two  sea-level  curves  are  similar,  therefore  the 
sea-level  curve  is  only  weakly  dependent  on  the 
tine  constant  t  and  the  assumptions  cf  the  model. 

The  well  data  was  then  corrected  for  sea-level 
using  the  curve  in  Figure  8b  (equation  2)  and  the 
previous  procedure  was  repeated  until  the  differ¬ 
ences  from  the  best  fitting  exponential  were  sat¬ 
isfactorily  reduced.  We  chose  the  sea-level  curve 
in  Figure  8b  because  it  includes  the  long-term 
trend  in  sea-level.  Figure  9  shows  the  sea-level 
curve  from  Figure  8b  and  the  "first  estimate"  of 
the  sea-level  curve  derived  after  iteration.  The 
sea-level  curves  in  this  figure  have  been  plotted 
with  present  a ay  sea-level  as  the  origin. 

The  well  d;>\a  which  includes  the  "first  esti¬ 
mate"  sca-levcl  curve  together  with  the  best  fit¬ 
ting  exponential  curves  is  shown  in  Figure  10. 

The  inclusion  of  the  sea-level  correction  has 
resulted  in  a  noticeably  improved  fit  of  an 
exponential  curve  to  the  well  data,  as  can  be 
seen  by  comparing  Figures  7  and  10.  There  are, 
however,  departures  from  an  exponential  curve 
which  cannot  be  explained  by  sea-level  changes. 

We  attribute  these  departures  to  local  "tecton¬ 
ic"  effects.  Prior  to  the  Late  Cretaceous  the 
Sable  Island  C-67  well  departs  from  the  curve. 

This  well  is  located  on  a  possible  basement  block 
(North  Sable  high,  Jansa  and  Wade,  1975)  as 
indicated  by  dip  reversals  on  nearby  seismic 
reflection  profiles.  There  is  also  evidence  on 
these  profiles  of  salt  diapirlsm.  These  factors 
indicate  local  tectonic  activity  which  could  have 
disturbed  the  lower  part  of  the  well.  The  COST 
B-2  well  departs  from  the  curve  mainly  during  the 
Oligoceue  when  extensive  erosion  of  the  shelf  may 
have  occurred  (Grow  et  al. ,  in  press).  The 
flexural  effects  of  this  erosion  have, been  model¬ 
ed  by  Steckier  and  Watts  (1978)  and  can  adequat¬ 
ely  account  for  the  observed  departures? from  the 
cu  rve. 

We  compare  in  Figure  11  the  "first  estimate" 
curve  to  other  sea-level  curves.  The  fine 
solid  line  is  the  sea— level  change  based  on  the 
Schuchert-Wise  percentage  continental  flooding 
estimates  and  the  hypsometric  curve  for  North 
America  given  by  Wise  (1974,  fig.  5).  The  heavy 
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Figure  4.  Porosity-depth  curves  for  the  five  wells  used  in  this  study.  The  sources  of  the  porosity  data 
are  discussed  in  the  text.  The  porosity  data  for  Oneida  0-25  ai.d  Sable  Island  C-67  are  based  on  the 
nearby  well  logs  indicated  in  the  figure.  The  solid  lines  indicate  the  curve  used  in  the  computation  of 
the  reconstructed  sedimentary  section. 


dashed  line  is  the  adjusted  sea-level  curve  of 
Bond  (1978,  fig;  4B)  based  on  more  recent  per¬ 
centage  continental  flooding  estimates  and 
different  hypsometric  curves  for  each  continent. 
The  discrepancies  between  Bond  (1978)  and 
Schucher t-Wise • are  caused  by  differences  in  the 
hypsometric  curve  assumed  through  time.  There 
is  good  agreement  that  the  maximum  rise  in  .sea- 
level  in  the- Late  Cretaceous  based  on  estimates 
of  percentage  continental  flooding  and  the 
"first  estimate"  sea-level  curve  is  100  to  150 
meters;  The  das'ned  line^ith  open  circles  is 
thesea-leveljdhange  obtained  by  "Pitman  (1978) 
and  Vail  et  al.  (1977).  The  maximum  rise  in 
sea-level  based ;onthis-cufveisgreafer  than 
300  meters,  which  is  significantly  larger  than 


the  "first  estimate"  sea-level  curve. 

The  differences  between  using  the  Pitman 
(1978)  and  Vail  et  al.  (1977)  sea-level  curves 
and  the  "first  estimate"  curve  are  illustrated 
in  Figure  12  for  the  Oneida  0-25  well .  The 
upper  curve  in  this  figure  i3  Y'  which  includes 
the  "tectonic"  subsidence  uncorrected  for 
"ecstatic"  effects.  The  lower  two  curves  in 
figure  9  show  Y,  the  "tectonic"  subsidence  at  the 
margin*  calculated  using  Pitman  (1978)  and  Vail 
et  al.  (1977).  and  the  "first  estimate"  curve. 

This  figure  shows  the  "first  estimate" -curve 
successfully  improves  the  fit  of  the  tectonic 
subsidence  to  ah- exponential  curve  while  the 
Pitman  (1978)  and  Vail  et  al.  (1977)- curve  im¬ 
plies  a  nearly  linear  tectonic  subsidence.  A. 
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subsidence  curve  of  this  form  cannot  easily  be 
explained  by  current  tectonic  nodels  for  the 
evolution  of  Atlantic-type  continental  margins. 
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Figure  5.  Estimates  of  the  change  in  water  depth 
of  deposition  for  each  of  the  veils  through 
geological  time.  The  sources  of  this  data  are 
discussed  in  the  text.  H  indicates  a  hiatus  in 
the  stratigraphic  record  and  S  indicates  sub¬ 
aerial  deposition. 


We  have  used  the  "first  estimate"  sea-level 
curve  to  correct  Y'  and  obtain  Y,  the  tectonic 
subsidence  at  each  well  (Fig.  10).  By  compar¬ 
ing  this  subsidence  to  the  cooling  plate  model, 
which  Parsons  and  Sclater  (1977)  have  shown 
explains  the  subsidence  of  oceanic  crust  out  to 
ages  of  at  least  160  n.y.,  the  thermal  parameters 
of  the  lithosphere  beneath  each  veil  can  be 
estimated.  The  advantage  of  this  model  is  that 
the  subsidence  follows  a  relatively  simple  pat¬ 
tern.  At  first,  the  subsidence  is  proportional 
to  ts  and  then,  after  a  time  dependent  upon  the 
thickness  of  the  thermal  litaosphere,  the  sub¬ 
sidence  is  arrested  and  decays  exponentially  to 
a  constant  value.  The  parameters  that  charact¬ 
erise  the  subsidence  curve  can  be  estimated  by 
plotting  the  tectonic  subsidence  T  on  two  simple 
graphs,  Y  versus  ti  and  log  Y  versus  t.  The 
rate  of  subsidence  on  a  ts  plot  normalized  to  the 
total  subsidence  (Ci/C3  of  Parsons  and  Sclater, 


Figure  6.  Plot  of  V  and  the  total  sediment  accumulation  through  time  for  each  of  the  wells  (Fie.  1). 
The  dotted  region  Indicates  that  part  of  the  subsidence  caused  by  sediment  loading  and  the  hatched 
region  indicates  that  part  of  the  subsidence  caused  by  other  "tectonic"  and  "eustatic"  effects.  The 
range  of  Y'  reflects  uncertainties  in  the  water  depth  (Fig.  5)  and  the  position  of  individual  strati¬ 
graphic  horizons  .(Fig.  3).  ~  '  '  ' 
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Figure  7.  Plot  of  Y'  (Fig.  6)  compared  to  simple 
exponential  curves.  The  dashed  line  represents 
an  exponential  curve  least  squr . "s  fitted  to  data 
within  each  well.  The  solid  line  represents  an 
exponential  curve  obtained  by  a  least  squares  fit 
to  the  observed  data  including  the  data  point  at 
the  base  of  the  sedimentary  section. 

1977),  the  breakdow.  f  the  linear  part  of  Y 
versus  ti  (Cj),  and  cue  time  constant  of  the 
exponential  decay  (C2 ' )  can  be  used  to  obtain 
indep'-  *.nt  estimates  of  the  thermal  thickness  of 
the  1  .  sphere.  In  addition,  from  simple  rso- 

statii  . ^nsiderations  (Steckler  and  Watts,  1978), 
the  total  tectonic  subsidence  D  (C3)  can  be  used 
to  estimate  the  total  amount  ofcrustal  thinning 
the  has  occurred  at  the  margin. 

We  have  obtained  estimates  of  the  thermal 
parameters  for  the  COST  B-2  and  the  Oneida  0-25 
wells.  These  wells  have  been  selected  because 
they  are  considered  the  most  reliable  of  the 
five  wells  studied.  Both  the  Naskapi  N-30  and 
Mohawk  B-93  wells  are  located  on  relatively  thin 
sedimentary  sections  (Fig.  3)  which  penetrated 
basement.  The  oldest  sediments  in  these  wells 
are  of  Middle  Jurassic  age  and  are  significantly 
younger  than- the  inferred  age.  of  the  opening  of 
the  Atlantic.  The  Sable  Island  C-67  well  was  not 
considered  because  of  the  poor  fit  of  the  tec¬ 
tonic  subsidence  to  an  exponential  curve  (Fig. 

10). 

Figure  13  shows  the  plot  of  the  tectonic  sub¬ 
sidence  Y  against  t^  and  log  Y  again  it  t  for 
t-  ,a  COST  B-2  and  Oneida  C-25  wells.  The  linear 
t  of  the  ti  plot  is- generally  well  constrained 
for  the  0«“ida  0-25  well  but  poorly  constrained 
for  the  •  B-2  well.  The  tectonic  subsidence 


data  for  the  COST  B-2  well  extends  into  only  a 
rmall  part  of  the  linear  portion  of  the  plot. 

Ho; ever,  even  with  this  uncertainty  the  tectonic 
subsidence  for  each  well  appears  to  deviate  from 
a  straight  line.  Thus  estimates  of  the  slope  of 
the  straight  line  (Ci)  and  the  agei  of  the  de¬ 
parture  from  the  straight  line  (C2)  can  be 
determined  for  each  well.  The  straight  line  in 
the  plots  of  log  Y  against  t  was  determined  by 
a  least  squares  fit  to  the  tectonic  subsidence 
using  D0  (C3)  as  an  independent  parameter.  The 
fit  to  a  straight  line  is  generally  good  and 
gives  an  estimate  for  the  time  constant  of  the 
exponential  term  (02’)  and  D0  (C3)  for  each  well. 

The  estimates  of  the  parameters  obtained  from 
the  plots  (Table  1)  have  been  used  to  compute  the 
thermal  thickness  of  the  lithosphere,  a,  and  the 
amount  of  crustal  thinning  that  has  occurred 
beneath  each  well.  The  COST  B-2  well,  which  is 
located  in  a  deep  sedimentary  trough,  yields  a 
small  estimate  for  the  lithospheric  thickness 
(108  to  130  km) ,  and  a  large  estimate  for  the 
amount  of  crustal  thinning.  The  Oneida  0-25  well, 
which  is  located  just  landward  of  the  "hinge  zone" 
(Fig.  2;  Jansa  and  Wade,  1975)  yields  a  large 
estimate  for  the  lithospheric  thickness  (160  to 
170  km)  and  a  small  estimate  for  the  amount  of 
crustal  thinning. 

Lithospheric  models 

We  have  examined  the  validity  of  these  estimates 
of  the  crustal  binning  and  thermal  lithospheric 
thickness  at  the  COST  B-2  and  Oneida  0-25  wells 
by  comparing  their  computed  gravitational  effect 
to  observed  surface-ship  gravity  data  and  GE0S-3 
satellite  radar  altimeter  measurements  over  the 
margin. 

We  constructed  models  for  the  crustal  structure 
of  the  margin  along  profiles  A-A1  and  B-B* 

(Fig.  1)  which  include  the  COST  B-2  and  Oneida 
0-25  wells  and  compared  their  gravitational 
effect  to  observed  surface-ship  gravity  meas¬ 
urements  (Fig.  14).  The  distribution  of  the 
sediments  for  each  profile  is  based  on  nearby 
multi-channel  seismic  reflection  data  summarized 
in  Figure  2.  The  sediment  structure  thus  deter¬ 
mined  was  held  constant  and  only  the  configura¬ 
tion  of  the  'Moho1  surface  was  varied  between  the 
models.  In  the  upper  models  (F-1  5.  14),  the 
'Moho'  is  based  on  an  Airy  acdel  of  compensation 
for  the  bathymetry  and  yedrisents  nd  an  assumed 
compensation  depth  of  32  and  30  for  Nova 
Scotia  and  .‘Jew  York  respectively.  The  crust  and 
mantle  densities  assumed  are  *"he  same  as  used  in 
the  "backstripping"  calculations.  There  is 
generally  a  poor  agreement  between  the  computed 
gravity  effect  based  on  an  Airy  model  and  the 
observed  profiles  for  each  margin.  In  the  lower 
models  (Fig.  14),  the  'Moho'  surface  was  varied 
until  a  "best  fit"  was  obtained  between  the 
computed  and  observed  effects. 

The  dashed  vertical  line  beneath  the  Oneida 
0-25  and  COST  B-2  wells  in  Figure  14  is  the 
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Figure  8.  Differences  between  Y'  and  the  simple  exponential  curves  in  Figure  7  expressed  as  relative 
changes  in  sea-level.  Column  A  are  the  differer.  .es  from  an  exponential  curve  based  on  data  within  each 
well.  Column  B  are  the  differences  from  an  exponential  curve  including  the  data  point  at  the  base  of 
the  sedimentary  ‘section.  The  dashed  line  is  the  average  sea-level  curve  for  each  column.  The  time 
constant  T  in  m.y.  is  indicated  to  the  right  of  each  curve. 


estimate  of  the  crustal  thickness  based  on 
thermal  calculations  (Table  1);  This  estimate 
was  obtained  by  subtracting  the  assumed  compen¬ 
sation  depth  from  the  amount  of  crustal  thinning, 
based  on  D0.  Although  gravity  data  cannot  be 
used  to  uniquely  determine  the  depth  to  'Moho' 
beneath- each  well,  there  is  good  agreement  between 
the  crustal  thicknessbased  ongravity  and  ther¬ 
mal  modeling  (Fig.  14).  Thus  gravity  data  are 
consistent  with  a  small  amount  of  crustal  thin¬ 
ning  beneath  the  Oneida  0-25  well  and  a  large 
aooun t  of  crustal, thinning  beneath  the  COST  B-2 
well. 
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Available  seismic  refraction  measurements 
(Ewing  and  Ewing,  1959;  Barrett  et  al. ,  -1964; 
Keen  and  Lohcarevic,  1966;  Keen  et  al.,  1975)  do 
not  constrain  the  crustal  thickness  beneath  the 
Oneida  0-25  and  COST  B-2  wells  (Fig.  14). 

However,  they -are  in  agreement-  with  the  crustal 
structure  determined  in  the  moow’«.  for  the  con¬ 
tinental  rise  off  Nova  Scotia. 

Although  gravity,  data  is  a  useful  constraint  on 
the  shallow  structure  of  the  margin,  it  pro¬ 
vides  little  information  on  the  deep  structure. 
Recent  advances  in  satellite- radarraltimdtry; 
(Leitao  and  McGoogan ,  _  .1975 j  _  Martin  -  and  --  Butler , 
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Figure  9.  Elevation  of  sea-level  above  present 
day.  The  dashed  line  is  the  average  sea-level 
curve  from  Figure  8B.  The  solid  line  is  the 
"first  estimate"  sea-level  curve  determined  by 
iteration.  The  origin  is  at  present  day  sea- 
level  . 

1977)  enable  the  height  of  the  marine  geoid  above 
the  reference  ellipsoid  to  be  determined  to  an 
accuracy  of  about  One  meter.  The  geoid  is  more 
sensitive  than  gravity  to  long  wavelength  fea¬ 
tures  in  the  gravitational  field  and  may  there¬ 
fore  provide  more  information  on  deep  structures. 
We  have  used  recent  determinations  of  the  geoid 
height  derived  from  GEOS-3  altimeter  measurements 
over  the  margin  off  New  York  and  Nova  Scotia  to 
better  constrain  our  estimates  of  the  thermal 
thickness  of  the  lithosphere  (Table  1). 

The  geoid  height  associated  with  the  "best  fit" 
gravity  models  in  Figure  14  was  computed  and 
compared  to  the  observed  GEOS-3  geoid  height 
(Fig.  15  a,b) .  There  is  an  excellent  agreement 
between  the  observed  and  computed  geoid  off  New 
York,  but  a  discrepancy  of  over  3  meters  in  the 
step  in  the  geoid  across  the  margin  off  Nova 
Scotia.  We  have  found  that  reasonable  variations 
in  the  density  of  the  crust  and  upper  mantle 
cannot  explain  this  discrepancy,  suggesting  that 
its  source  is  located  deeper  within  the  litho¬ 
sphere. 

The  thermal  models  predict  there  may  be  a 
significant  difference  in  the  lithospheric  thick¬ 
ness  between  the  continental  shelf  (160-170km) 
and  the  ocean  (128  km,  Parsons  and  Sclater,  1977) 
off  Nova  Scotia  but  little  or  no  difference  in 
the  corresponding  region  off  New  York  (108-130 
versus  128  km).  To  test  this  possibility  we 
computed  the  geoid  effect  of  a  model  which 
included  these  differences  in  the  lithosphere 
for  the  margin  off  Nova  Scotia.  We  used  the 
cooling  plate  model  to  determine  the  temperature 
within  the  plate  and  than  computed  densities 
using  p  “  p0  (l-aT(Z))  where  a  is  the  coefficient 
of  thermal  volume  expansion  and  T(Z)  is  the 
temperature  as  a  function  of  depth.  We  assumed 
the  same  values  of  a  and  Tn,  the  temperature  at 
the  base  of  the  plate,  as  those  determined  by 
Parsons  and  Sclater  (1977),  The  lithospheric 
model  was  compensated  bv  adjusting  the  'Moho' 
surface  in  order  to  e  -are  a  good  fit  to  the 
gravity  data.  This  -ocedure  increased  the 
relief  of  the  'Moho'  slightly  and- increased;  the 
depth  to  the  base  of  the  crust  from  32  to  33.2  km. 


The  geoid  effect  of  the  lithospheric  model  is 
compared  to  the  observed  geoid  off  Nova  Scotia  in 
Figure  15c.  This  figure  shows  the  step  in  the 
computed  geoid  is  about  5  to  6  meters,  which  is 
in  good  agreement  with  the  observed  geoid.  Thus, 
GEOS-3  altimeter  measurements  are  consistent  with 
similar  thermal  thicknesses  beneath  the  COST  B-2 
well  and  the  oceanic  lithosphere  and  with  signif¬ 
icant  differences  beneath  the  Oneida  0-25  well 
and  the  oceanic  lithosphere. 

Discussion 

We  have  determined  the  tectonic  subsidence  at 
five  deep  wells  in  the  Atlantic-type  continental 
margin  off  the  East  Coast,  U.S.  The  tectonic 
subsidence  can  be  explained  by  simple  models  for 
the  cooling  of  the  lithosphere.  The  total  amount 
of  subsidence  appears  to  be  determined  by  the 
amouni.  of  heating  and  thinning  that  occurs  during 
the  rifting  process.  Therefore,  the  structural 
evolution  of  the  margin  is  mainly  controlled  by 
the  amount  of  initial  thinning  and  the  subsequent 
tectonic  subsidence. 

The  pattern  of  crustal  thinning  appears  to  be 
similar  for  both  the  margin  off  New  York  and  Nova 
Scotia  (Fig.  14).  In  a  seaward  direction  across 
the  margin  the  continental  crust  gradually  thins 
to  a  hinge  zone.  At  the  .inge  zone,  the  crust 
thins  rapidly  to  thicknesses  similar  to  that  of 
the  oceanic  crust.  Off  New  York,  the  hinge  zone 
corresponds  to  a  major  fault  identified  on 
multi-channel  seismic  reflection  profile  Line  2 
(Schlee  et  al.,  1976)  as  "Horizon  K".  The  hinge 
zone  off  Nova  Scotia,  corresponds  to  a  region  of 
faults  and  flexures  in  the  basement  observed  on 
multi-channel  seismic  reflection  profiles  (Jansa 
and  Wade,  1975). 

The  crustal  thinning  also  appears  to  be  assoc¬ 
iated  with  a  thinning  of  the  entire  lithosphere. 
Thermal  calculations  at  the  Oneida  0-25  well, 
which  is  located  just  landward  of  the  hinge  zone, 
indicate  a  significantly  larger  thickness  for  the 
lithosphere  than  at  the  COST  B-2  well,  which  is 
located  seaward  of  the  hinge  zone. 

A  number  of  authors  have  discussed  the  origin 
of  lithospheric  thinning  at  Atlantic-type  margins. 
Sleep  (1971)  and  Turcotte  et  al.  (1977)  have 
suggested  the  thinning  is  caused  by  uplift  and 
erosion.  We  have  previously  shown  (Steckler  and 
Watts,  1978)  that  this  mechanism  cannot  satis¬ 
factorily  explain  the  large  amount  of  crustal 
thinning  at  the  COST  B-2  well.  McKenzie  (1978) 
has  suggested  the  thinning  is  caused  by  "stretch¬ 
ing"  or  "necking"  of  the  lithosphere.  There  are 
two  observations  of  basement  structure  which 
support  the  suggestion  of  regional  extension  at  a 
margin.  First,  the  presence  of  normal  faulting 
at  the  young,  starved  margin  of  the  Bay  of  Biscay 
(De  Charpel  et  al.,  this  volume).  Second,  the 
presence  of  extensive  dyke  intrusion  in  the 
Precambrian  basement  underlying  the  former  con¬ 
tinental  shelf  of  the  proto-Atlantic  (Rast,  in 
preparation) . 
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Figure  10.  TectonicsubsidenceY  ofthe  margin  at  each  well  obtainedby  correcting  Y'  for  "eustatic" 
effectsusing  the  "firstestimate"  sea-level  curve  (Fig.  9).  The  heavy  line  is  the  "best  fit"  expon¬ 
ential  which  describes  the  tectonic  subsidence -for  each  well. 


The  tectonic  subsidence  is  a  result  of  the 
cooling  of  the  thinned  lithosphere.  As  a  margin 
subsides  sediments  accumulate  so  that  the  regions 
of  largest  crustal  thinning  are  associated  with 
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the  largest  thickness  of  sediments.  Although:-we 
have  assumed  a  simple  Airy  model  of  loading  in 
our  "backstripping"  calculations  we  would  expect 
that  the  scheme  of  loading  would  change  during 
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Figure  11.  Comparison  of  recent  estimates  of  sea- 
level  elevations  from  the  present  to  165  m.y.B.P. 
The  heavy  line  is  based  on  the  "first  estimate" 
sea-level  curve  determined  in  this  paper.  The 
circles  are  from  Pitman  (1978)  and  the  dashed  line 
is  a  smoothed  curve  based  on  Vail  et  al.  (1977). 
The  fine  line  is  from  the  Schuchert-Wise  estimates 
of  percentage  flooding  of  North  America  and  an 
hypsometric  curve  for  North  America  (Wise,  1979). 
The  dashed  heavy  line  is  from  Bond  (1978)  and 
shows  the  range  of  sea-level  elevations  based  on 
percentage  continental  flooding  estimates  with 
different  hypsometric  curves  for  each  continent. 
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the  evolution  of  the  margin.  Initially,  sedi¬ 
ments  load  a  relatively  hot  and  weak  lithosphere. 
Later  in  margin  evolution  the  sediments  load  a 
relatively  cool  and  rigid  lithosphere.  Thus  the 
deposition  of  sediments  landward  of  the  hinge 
zone  may  be  controlled  more  by  lithospheric 


Figure  12.  Comparison  of  the  subsidence  at  the 
Oneida  0-25  well  with  no  sea-level  correction 
curve  (upper  curve),  the  Pitman  (1978)  and  Vail 
et  al.  (1977)  sea-level  curve  (middle  curve)  and 
the  "first  estimate"  sea-level  curve  (Fig.  9) 
(lower  curve).  The  heavy  lines  on  the  upper  and 
lower  curve  are  the  "best  fit"  exponentials. 


TABLE  1.  SUMMARY  OF  THERMAL  PARAMETERS  DETERMINED  FOR  THE  ONEIDA  0-25  AND  COST  B-2  WELLS 


CONSTANT 

FORMULA 

(Parsons  &  Sclater,  1977) 

ONEIDA  0-25 

COST  B-2 

Slope  , 

Depth  vs  (Age)* 

c  -2vI* 

1  (po-Pw) 

K 

IT 

i 

172  M/(M.Y.)i 

512  M/(M.Y.)i 

Asymptote  of  , 

Depth  vs  (Age)4,  D0 

p  aaT 

„  o  m 

2550  M. 

5280  M. 

2(p  -p  ) 

Breakdown  of, 
linear  (Age)4 
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C2  -  a2/9K 

110-130  M.Y. 

70-80  M.Y. 

Slope  of 
log  (elevation) 
vs  age 

2 

a 

V  “  — 

1  TT  K 

110  M.Y. 

A 8  M.Y. 

Thickness  of 
the  lithosphere 

a 
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Crustal 

thinning 
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Figure  13.  Plot  of  tectonic  subsidence  TC  against  agei  and  log  Y  against  age  for  the  Oneida  0-25  and 
COST  B-2  wells.  .  _  '  V  -  .  '  :  ,  _  7  7 
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Figure  15.  a)  and  b).  Comparison  of  computed 
geoid  heights  associated  with  the  "best  fit" 
models  in  Figure  13  with  observed  geoid  heights 
based  on  the  GEOS-3  satellite  radar  altimeter. 

The  profile  off  Nova  Scotia  was  obtained  on 
October  30th,  1975  during  Orbit  #2875  and  off  New 
York  was  obtained  on  August  9th,  1975  during  Orbit 
#1724.  Note  that  the  fit  for  the  New  York  profile 
which  includes  only  the  crustal  structure  is 
generally  good  but  that  the  fit  for  the  Nova 
Scotia  profile  is  poor. 

c).  Comparison  of  computed  geoid  heights  of  a 
lithospheric  model  based  on  thermal  calculations 
to  observed  geoid  heights  for  the  Nova  Scotia 
margin.  The  fit  for  this  profile,  which  includes 
the  effect  of  the  lithosphere,  is  greatly  improved. 

flexure  than  by  crustal  thinning.  For  example, 
at  Naskapi  N-30  and  Mohawk  B-93  sediments  are  not 
deposited  until  the  Middle  Jurassic. 

The  position  of  the  present-day  shelf  edge  does 
not  appear  to  be  controlled  by  the  tectonic 
subsidence  (Fig.  14).  The  margin  off  New  York, 
has  built  out  seaward  of  the  maximum  sediment 
thickness.  Off  Nova  Scotia,  however,  the  shelf 
edge  has  not  built  out  as  far  and  is  located 
landward  of  the  maximum  sediment  thickness. 
Furthermore,  off  Nova  Scotia  rue  trend  of  the 
shelf  edge  and  of  the  locus  of  the  maximum  sedi¬ 
ment  thickness  differ.  Adjacent  to  the  La  Have 
platform  the  maximum  sediment  thickness  occurs 
beneath  the  continental  rise  wh?  further  to  the 
northeast  the  maximum  sediment  thickness  occurs 
beneath  the  outer  continental  shelf.  These 
observations  suggest  the  position  of  the  shelf 
edge  is  not  controlled  by  the  tectonic  subsi¬ 
dence;  rather,  it  is  probably  controlled  by  the 
rate  of  sediment  influx  and  near-bottom  sediment¬ 
ary  processes. 

In  our  models  a  major  change  in  crustal  thick¬ 
ness  occurred  at  the  hinge  zone.  It  is  not  known 
whether  the  hinge  zone  represents  the  boundary 
between  continental  and  oceanic  crust.  The  crust 
beneath  the  COST  B-2  well,  for  example,  could  be 
either  oceanic,  continental,  or  "transitional"  in 
origin.  The  hinge  zone  does,  however,  represent 
the  location  of  a  major  transition  in  thethermal 
and  mechanical  properties  of  the  margin.  It  is 
the  hinge  zone,  we  believe,  that  has  played  the 
major  role  in  controlling  the  structural  evolu¬ 
tion  of  the  margin. 
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Abstract .  The  calcite  compensation  depth 
(CCD),  the  carbonate  compensation  surface  (CCS) 
ana  *he  carbonate  line  are  useful  statistical 
concepts  with  which  to  examine  pelagic 
sedimentation  in  the  deep  ocean.  There  is 
evidence  that  si.._e  the  cretaceous  there  is  a 
large  global  component  in  the  CCD  variation  in 
all  the  major  ocean  basins.  A  variety  of 
possible  explanations  such  as  basin/deep  sea 
fractionation,  changes  in  shape  of  saturation 
profiles,  variations  in  the  amount  of  river 
input,  fertility  changes  and  bottom  water  flow 
have  been  suggested  to  explain  this  variation. 
Assuming  a  mass  balance  between  carbonate 
supplied  by  weathering  and  deposition  in  the 
oceans  we  examine  quantitatively,  with 
simplified  ocean  sedimentation  models,  the 
effect  on  the  CCD  of  casin/decp  sea  fractiona¬ 
tion,  changes  in  the  hypsometric  curve,  varia¬ 
tions  in  the  shape  of  the  saturation  profiles 
and  alterations  in  the  river  input.  In  this 
treatment  we  reverse  the  oceanic  portion  of  the 
hypcsonetric  curve  and  we  introduce  the  concept 
of  the  mean  rectangular  ocean.  Making  reasonable 
assumptions  about  present  day  conditions  ve 
show  that  the  CCD  would  be  changed  (a)  5C0  s, 

750  m  by  doubling  the  accumulation  rate  on  the 
shelves,  (b)  1  km  by  increasing  the  mean 
spreading  rate  of  the  oceans  from  3  cm/yr  to 
6  cm/yr  for  10  million  years,  (c)  350  m  by 
altering  the  river  input  by  10?  about  the 
present  value  and  (d)  very  little  by  varying 
the  depth  to  the  top  of  the  lysocline.  The 
effects  of  spreading  rate  change,  shelf 
accumulation  and  river  input  all  work  in  the 
same  direction  and  could -account  for  the  1.5  hm 
increase  in  the  CCD  since  the  Cretaceous. 

This  is  reasonable  but,  as  yet,  not  overwhelm¬ 
ing  evidence  for-  a  correlation  between  mean 
spreading  rate,  Eustatic  sea  level  and  CCD. 
However,  more -observational  work  is  needed  to 
justify  this  correlation  before  a  modified  basin/ 
shelf  fractionation  model  can  be  unreservedly 
accepted  as  the  explanation  of  the  variation  of 
the  CCD.  Uso  a  more-  quantitative  anaiyc:  s  is 


needed  of  the  other  explanations  to  examine 
whether  or  not  they  produce  effects  of  sufficient 
magnitude  to  compete  with  our  preferred  model. 

Introduction 

The  existence  of  a  calcite  compensation  level 
in  the  dee?  oceans  is  a  consequence  of  the 
dissolution  rate  of  calcite  which  increases  with 
depth  in  response  to  increasing  pressure  and 
decreasing  temperature.  The  depth  at  which 
calcite  is  totally  dissolved  is  known  as  the 
calcite  compensation  depth  (CCD).  It  varies  as 
a  function  of  water  chemistry  and  productivity. 

To  avoid  problems  associated  with  this  loose 
definition  we  follow  Burger  ;nd  Winterer  (1971*) 
and  define  the  surface  traced  out  by  the  CCD  in 
the  wafer  column  as  the  carbonate  compensation 
surface  (CCS).  Where  this  surface  intersects 
the  sea  floor  is  known  as  the  carbonate  line. 

This  line  marks  the  boundary  between  predomir.ant- 
j.y  calcareous  ooze  and  sediments  with  only  a  few 
percent  carbonate.  In  the  present  ocean  it  lies 
at  an  average  depth  of  E."  kms  and  as  a  broad 
generalization  spreading  centers  and  aseismic 
ridges  are  covered  by  calcium  and  carbonate  and 
the  deep  basins  on  either  side  consist  mainly 
of  red  clay  or  radiolarian  ooze. 

Most  of  the  calcium  carbonate  deposited  in  the 
oceans  comes  from  the  weathering  of  continental 
material.  This  carbonate  is  redistributed  bv 
deposition  on  the  continental  shelves,  shallow 
seas  and  on  the  floor  of  the  deep  ocean. 

Globally  the  most  important  effect  is  the 
requirement  for  a  mass  balance  between  the 
calcium  carbonate  supplied  by  weathering  and 
that  deposited  in  the  oceans.  As  there  is  a 
higher  rate  of  accumulation  in  shallow  water  the 
amount  of  carbonate  available  for  deposition  in 
the  deep  sea  _s  critically  dependent  upon  the 
area  of  continental  shelf  and  shallow  seas. 

However,  this  shelf/ deep  sea  fractionation 
effect  is  not  the  only  factor  controlling  the 
accumulation  of  carbonate  sediments  in  the  deep 
sea.  Berger  ind  Winterer  (197E)  have  reviewed 
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rig*  1.  Variation  of  calcite  compensation  deotb 
(CCD)  in  the  South  Atlantic  with  time.  Data 
points  and  error  bars  from  van  Andel  et  al., 
(1977).  Bottom  graph  is  a  comparison  of  the 
CCD  in  the  South  Atlantic  with  that  in  other 
oceans  (van  Andel  et  al.,  1977). 

in  a  comprehensive  manner  the  global  and  local 
factors  affecting  the  depth  of  the  mean 
carbonate  compensation  surface  in  the  oceans. 

They  show  that  the  depth  of  this  surface  at  any 
point  in  space  and  time  results  from  the 
interaction  of  a  variety  of  complex  and  noorly 
understood  phenomena.  As  well  as  shelf/deep 
sea  fractionation  these  include  differences  in 
saturation  profiles,  differences  in  shell 
properties,  bottom  water  flow,  changes  in  the 
hypsometric  curve  for  the  oceans,  changes  in  the 
fertility  o  the  ocean  with  time  and  space  and 
finally  differing  rates  of  carbonate  input  from 
the  continents. 

All  of  these  phenomena  are  related  to  sea 
floor  spreading  and  the  motion  of  continents 
though  some  more  directly  than  others .  For 
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example,  the  amount  of  shelf  available  for 
carbonate  deposition  is  increased  by  continental 
rifting  and  subsidence.  Further,  changes  in 
the  mean  age  of  the  ocean  will  affect  sea  level 
which  will  also  alter  in  a  dramatic  fashion  the 
amount  of  shelf  available  for  deposition. 

3ostcm  water  flow  is  also  directly  related  to 
sea  floor  spreading  and  continental  drift  as  it 
is  the  motions  of  the  major  plates  which  control 
the  opening  and  closing  of  the  major  seaways. 
Causes  which  are  less  obviously  related  to  plate 
motions  are  changes  in  the  saturation  profiles, 
differences  in  fertility  and  shell  properties 
and  changes  in  the  basin  input  of  carbonate  to 
the  oceans.  However,  ultimately  ail  of  these 
phenomena  are  affected  by  the  position  of  the 
tiajor  continents  within  the  global  wind  belts 
and  within  the  major  paths  of  ocean  surface 
•--iter  circulation  (Luyendvk  et  al.,  197b). 

Berger  and  Winterer  (197b)  have  shown  that  it 
is  useful  to  consider  the  car  ornate  compensation 
surface  in  a  statistical  manner.  In  their 
concept  the  CCS  though  it  may  change  considera¬ 
bly  over  a  short  time  period  and  local  distan¬ 
ces  has  a  mean  depth  in  a  particular  area  which 
varies  coherently  on  a  tine  scale  of  the  order 
of  five  million  years.  Accepting  this  concept 
it  is  possible  to  determine  the  depth  of  the 
CCS  at  a  given  point  in  the  past  by  backtrack¬ 
ing  the  type  of  sediment  recovered  in  deep  sea 
drilling  cores  along  the  depth  versus  age 
relation  (Berger,  1972).  Berger  (1972)  and 
3erger  and  vor.  Had  (1972)  used  this  technique 
and  the  assumption  that  to  a  first  approxima¬ 
tion  the  CCS  would  remain  at  a  constant  depth 
in  any  basin  to  determine  the  variation  of  CCD 
in  the  South  and  North  Atlantic  through  the 
Tertiary.  Van  Andel  (1975)  making  the  sar ' 
assumptions  extended  this  analysis  to  all  ■_  ,-eans 
through  the  Cretaceous  (Figure  1.).  He  showed 
there  were  striking  similarities  in  the  variation 
of  CCD  with  time  in  all  basins.  Ramsay  (1977) 
applied  the  same  analysis  but  allowed  latitudinal 
variations  within  basins.  He  also  found  striking 
similarities  for  CCD  variations  with  time  since 
the  Eocene. 

The  idea  of  a  carbonate  compensation  surface 
which  varies  only  slowly  with  time  In  an 
individual  basin  presents  an  interesting  method 
for  examinirg  the  distribution  of  sediments  in 
the  deep  sea.  If  the  distribution  of  this 
surface  at  a  particular  epoch  is  known  then  by 
matching  this  surface  with  the  paleobathymetric 
contours  it  is  possible  to  compute  the  carbonate 
line  for  the  basin  under  consideration.  This 
’paleocarbonate  line  marks  the  boundary  between 
predominantly  carbonate  and  other  types  of 
sediment  these  ideas  were  first  applied  to  the 
Indian  Ocean  by  Thiede  in  Sclater  et  al.,  (1977) 
and  then  in  more  detoil  and  greater  care  by 
Van  Andel  et  al.,  (1977)  to  the  South  Atlantic. 

A  feature  of  the  latter  study  was  the -prediction 
of  major  changes  in  the  surface  distribution  or 
carbonate  versus  non-carbonate  sediments  in  the 


Fig.  2.  Lithofaeios  sketch  maps  of  the  South  Atlantic  for  rive  time  nlices  from 
the  early  Eocene.  (From  van  And el  et  al.,  1977). 
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Fig.  3-  Observed  sediment  distribution  superimposed  upon  tectonic  reconstructions  of 
the  South  Atlantic  at  four  time  slices  (from  McCoy  and  Zimmerman ,  1977 ) . 


South  Atlantic  between  the  late  Eocene  and 
present  (Figure  2).  Recently  a  complimentary 
study  by  McCoy  and  Zimmerman  (1977)  using  only 
observational  data  and  a  data  base  amplified  by 
cores  from  the  Lamcnt-Doherty  Geological 
Observatory  gave  carbonate  line  fluctuations 
very  similar  to  those  of  Van  Andel  et  ai. , 

(1977)  (Figure  3). 

These  studies  and  that  of  Ramsay  (1977)  are 
evidence  that  the  statistical  concept  of 
carbonate  compensation  surface  is  a  useful  idea 
with  which  to  examine  carbonate  and  non¬ 
carbonate  deposition  during  the  tectonic  history 
of  an  ocean.  We  feel  it  is  important  now  to 
extend  the- qualitative  approaches  of  Berger  and 
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Winterer  (19'i^J  and  Ramsay  (1977)  and  to 
examine  quantitatively  seme  of  the  phenomena 
which  might  directly  affect  the  depth  of  this 
surface.  Some  of  these  phenomena  do  not  lend 
themselves  to  quantitative  analysis.  For 
example  it  is  difficult  to  model  fertility 
changes  or  changes  in  the  dissolution  rate  of 
shells  in  the  absence  of  any  evidence 
constraining  these  parameters.  Also  it  is  not 
clear  how  *,c  handle  bottom  wate-  flow  or  the 
effect  of  temperature  changes  in  the  water 
column  on  the  saturation  curve.  On  the  other 
hand  four  phenomena  can  he  examined  quantitative¬ 
ly.  It  is  our  objective  in  this  paper  tc 
examine  simplistically  but  quantitatively  the 


Age  (My) 


Fig.  !*.  Comparison  of  fluctuations  in  various 
para- inters  of  the  carbon  system  tlirough  the 
Cenoi  xc.  (a)  CCD  fiuctuations,  (b) 
carbonate  scatter  (c)6i3c  in  nsnnoplankton 
in  planktonic  and  be'Ohic  foraminilgra  in 
DSDP  3ites  277,  279  and  28l,  (a)  6180  in 
planktonic  and  benthic  foraras  in  same  DSDP 
sites,  (e)  transgression  and  regression 
cycles  (from  Berger,  1977). 

shelf/deep  sea  fractionation  model  and  to  extend 
it  by  stages  to  inclv’e  the  effect'  of  changes 
in  the  hyposometric  curve  of  the  deep  oceans, 
changes  in  the  slope  of  the  lysoeline,  and  the 
rate  of  input  of  carbonate  to  the  deep  sea. 

In  our  analysis  we  introduce  the  concept  of  a 
mean  rectangular  ocean  and  a  potentially  useful 
and  quantitative  method  of  examining  the 
influence  of  various  factors  on  ocean  sedimenta¬ 
tion.  We  believe  the  variation  of  the  carbonate 
compensation  surface  in  the  deep  ocean  is  global 
in  nature.  Though  we  do  hot  think  we  have 
discovered  the  unique  or  even  dominant  explana¬ 
tion  of  t’.ls  variation  we  feel  it  is  necessary 
to  treat  each  of  the  phenomena  simplistically 
and  to  calculate  the  magnitude  of  the  various 
effects  under  given  assumptions.  We  believe 
that  only  by  proceeding- in  this  manner  will  it 
be  possible  to  separate  the  basic  signal  from 
local  geologic  noise. 

Shelf  Versus  Deep  bea  Fractionation 

Van  Andel  (1975)  has  emphasized  that  the 
variation  of  CCD  with  age  for  the  individual 


basins  have  two  properties  in  common.  First  the 
CCD  is  about  1.5  kms  deeper  during  the 
Quaternary  than  it  was  at  the  beginning  of  the 
Tertiary.  Second  all  tne  profiles  show  a  sharp 
drop  an  the  beginning  of  the  Oligocene,  a 
general  rise  in  the  early  to  mid-Miocene 
followed  by  a  sharp  drop  in  the  Pliocene 
(Figure  l).  The  first  prep,  rty  appears  true  for 
all  basins  studied  whereas  for  the  second  there 
is  considerable  variation  between  basins.  The 
general  similarity  of  the  profiles  is  evidence 
of  a  world  wide  phenomenon.  This  is  almost 
certainly  the  case  for  the  general  decrease 
since  the  late  Cretaceous  but  it  is  not  so 
convincingly  documented  for  the  Miocene 
shallowing  of  the  CCD. 

There  are  a  variety  of  possible  explanations 
for  the  observed  variation  of  the  CCD.  Of 
these  shelf  versus  deep  sea  fractionation  is 
the  most  attractive.  It  is  easy  to  understand 
how  this  explanation  would  have  a  world  wide 
effect  if  the  variations  of  surface  area  were 
large  and  synchronous.  Also  there  is  now 
increasing  evidence  from  the  literature  for  a 
world  wide  decrease  in  sea  level  since  the  late 
Cretaceous  which  correlates  with  observed 
change  in  CCD.  Berger  (1977)  has  demonstrated  in 
a  comparison  of  various  parameters  in  the  carbon 
cycle  through  the  Cenozoic  a  close  correspondence 
between  fluctuations  in  the  plots  of  CCD, 
carbonate  scatter  and  eustatic  sea  level  changes 
(Figure  >*).  Vail  and  Kitchum  (1978)  present 
additional  support  for  tha  close  correspondence 
of  CCD  and  Eustatic  sea  level  changes.  They 
show  from  an  analysis  of  seismic  sections  on 
continental  shelves  considerable  evidence  for  a 
major  fall  in  sea  level  since  the  Cretaceous 
and  also  possible  evidence  for  a  secondary  i  ise 
in  the  Miocene  (Figure  5).  Though  there  are 
questions  concerning  the  amplitude  of  the  . ea 
level  changes  and  the  explanation  of  the  sharp 
nature  of  the  regressions  the  shape  of  the  CCD 
curve  and  a  ' statistically-averaged '  sea  level 
curve  are  remarkably  similar.  High  stand 
corresponds  to  a  shallow  CCD  in  the  late- 
Cretaceous  and  Early  Tertiary  and  low  stand 
corresponds  to  a  deep  Quaternary  CCD.  He  feel 
that  t  is  new  evidence  requires  a  more  extensive 
investigation  of  some  quantitative  aspects  of  the 
shelf  versus  deep  sea  fractionation  model  than 
was  attempted  by  Berger  and  Winterer  (197*0. 

Carbonates  accumulate  more  rapidly  on 
continental  shelves  and  in  shallow  seas  than  in 
the  deep  ocean  (Milliman,  197*0.  If  the  total 
input  from  the  rivers  remains  constant  and 
there  is  an  increase  in  the  area  of  shelves  and 
the  shallow  seas  the  supply  of  carbonate  to  the 
deep  sea  will  drop.  To  compensate  for  this 
drop  in  supply  the  COD  will  rise.  To  start  our 
investigation  we  took  the  simplest  model 
possible  made  some  very  general  assumptions  and 
estimated  under  these  assumptions  how  far  the 
CCD  would  rise  under  varying  conditions  of 
deposition  on  the  shelves. 

Our  basic  assumptions  are  that  (a)  the  river 
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CALCiTE  COMPENSATION  DEPTH 

(Van  AmW,  1976) 


GLOBAL 

EXXON  EUSTATIC  CURVE 


HYPSOMETRIC  CURVE 

Fig.  6.  Hypsometric  curve  from  Kossina  (1921) . 


1971* .  p.  15)  but  they  suffice  for  this  stage  of 
our  treatment.  We  will  neglect  recycling 
within  the  oceans  and  ocean  sediments.  Further 
we  know  that  the  present  average  CCD  is  at  b.7 
kms  and  that  the  area  above  the  CCD  represents 
6l%  of  the  deep  ocean.  Our  only  major  unknown 
is  the  amount  of  carbonate  being  deposited  in  the 
shallow  seas  relative  to  that  going  into  the  deep 
oceans. 

To  carry  out  the  computations  we  take  the 
hypsometric  curve  for  both  the  land  and  the  sea 
(Figure  6)  and  tabulate  the  area  of  ocean  as  a 
cumulative  percentage  above  a  certain  depth 
(Table  l).  Then,  starting  with  three  different 
assumptions  for  the  present  calcareous  deposition 
between  the  deep  ocean  and  the  shelves  we  change 
the  percentages  deposited  on  the  shelves  ana  in 
the  deep  sea  and  compute  the  effective  rise  in 
the  CCD.  In  case  1,  we  assume  all  the  carbonate 
is  deposited  in  the  deep  sea  and  none  on  the 
shelf  and  ask  the  question  what  area  is  required 
if  we  increase  the  percentage  deposition  on  the 
shelf  to  25$,  50?  and  75?  and  decrease  the 
deposition  in  the  deep  sea  by  the  equivalent 
amount.  The  area  of  deep  sea  involved  decreases 
by  15 ?,  30?  and  U6%  (i.e.,  i/U  of  61?,  1/2  of 
6i?  or  3/b  of  6l?).  We  return  to  the  hyposo- 
raetric  curve  and  evaluate  what  depth  lies  above 
this  calculated  percentage  of  the  area.  This 
gives  the  CCD  for  the  assumed  increase  in 
deposition  on  the  shelf.  For  example,  if  the 
area  of  deep  sea  necessary  is  reduced  to  1(6?  the 
CCD  goes  to  U.O  km  or  is  raised  by  0.7  km 
(Table  2).  We  considered  two  other  cases,  25? 
and  50?  of  present  day  carbonate  accumulation 
occurring  on  the  shelf,  ahd'carried  out  similar 


estimates  of  the  change  in  the  CCD  with 
increasing  shelf  deposition.  At  present  we 
think  that  about  a  quarter  to  one  third  of  all 
carbonate  is  deposited  on  the  shelves  and  that 
in  the  late  Cretaceous  sea  level  was  200  to  300 
m  higher  than  at  present.  With  these  assump¬ 
tions,  Case  2  of  Table  2,  with  a  doubling  of  the 
shelf  area  and  a  consequent  doubling  of  the 
carbonate  accumulation  on  the  shelf  we  compute 
that  the  CCD  will  rise  to  3.7  kms.  Thus  a  250 
to  300  m  rise  in  sea  level  could  raise  the  CCE 
by  1  km.  This  figure  is  close  to  that 
calculated  by  Berger  and  Winterer  (197b)  from 
a  similar  but  independent  line  of  reasoning. 

Varying  the  Mean  Age  of  the  Ocean 

In  the  simplistic  model  considered  in  the 
previous  section  we  assumed  a  constant 
hypsometric  curve.  This  is  an  unjustified 
assumption  as  changes  in  the  mean  age  of  the 
ocean  will  cause  variations  in  the  volume  of 
the  mid-ocean  ridges  which  will  in  turn  alter 
sea  level  (Hallam,  1963,  Russel,  1968;  Menard, 
1969  and  Valentine  and  Moores,  1972).  As  this 
results  in  a  considerable  variation  in  the  amount 
Of  shelf  flooded  (Hays  and  Pitman,  1973;  Pitman, 
1978)  it  is  necessary  to  consider  the  effects  of 
ridge  volume  changes  and  the  increased  area  of 
the  shelf  in  combination. 

In  order  to  compute  the  effects  of  ocean 
volume  changes  we  have  redrawn  the  standard 
hypsometric  curve  for  oceans  and  continents.  We 
assumed  that  all  depths  shallower  tlian  2.5  km 
are  continent  and  that  all  deeper  depths  are 
oceans.  We  split  the  standard  hypsometric  curve 
at  this  boundary  and  inverted  the  oceanic  section 
(Figure  7).  The  equivalent  one-sided  rectangular 
world  is  100,000  km  in  length  with  3,100  km  of 
ocean,  500  km  of  shelf  and  1500  km  of  continent. 
Making  the  mean  rectangular  ocean  symmetric 
reduces  the  ridge  axis  length  to  50,000  km 
(close  to  that  observed  in  the  present  oceans) 
and  doubles  the  width  of  the  ocean,  shelf  and 
continent.  The  redra-m  hypsometric  curve 
resembles  one  side  of  a  cross  section  of  the 
Atlantic . 

Next  we  found  a  uniform  spreading  rate  ocean 


TABLF  1.  Oceans  Cumulative  Area 


Depth  (kms) 

Cumulative  Percentage* 

Above  the  Depth 

.2 

7.5 

1.0 

11.9 

2.0 

16.0 

3.0 

25.0 

b.O 

b6.0 

5.0 

77.0 

6.0 

99.0 

•(after  Menard  and  Smith,  1966) 
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TABLE  2.  Estimation  of  Changes  in  the  Mean 
Calcite  Compensation  Depth  for  the 
Oceans  After  Varying  the  Percentage 
Deposited  on  the  Shelves  and  in  the 
Deep  Sea  For  Three  Different 
Assumptions  About  Present  Day 
Conditions. 


Calcareous  Deposition  Area  Depth 
Shallow  Sea  Deep  Sea  Required  CCD 
_ kms 


Case  1* 

02 

100% 

6l2 

<4.7 

25% 

15% 

1)62 

<!).0 

50% 

50% 

312 

<3.5 

15% 

25% 

152 

£2.0 

Case  2 

100?; 

8i2 

<5.0 

* 

25 % 

15% 

6i2 

<i).7 

50% 

50% 

1)02 

<3.7 

75 % 

25% 

212 

<2.5 

Case  3 

_ 

1002 

25% 

752 

912 

<5.5 

# 

50% 

502 

612 

<1).7 

15% 

252 

312 

<3-5 

that  gives  a  reasonable  match  between  the  real 
(Table  3)  and  theoretical  relation  between  area 
and  age.  We  chose  3  cm/'yr  for  100  m.y.  for  our 
mean  rectangular  ocean.  Thus  our  theoretical  , 
rectangular  world  has  an  ocean  area  of  300  x  10° 
sq.  kms  and  combining  this  with  50  x  10°  sq.  kms 
for  the  shelves  and  150  x  10°  sq.  kms  for  the 
oceans  (Figure  8)  we  have  numbers  that  are  close 
to  the  actual  areas  involved  and  also  easy  to 
handle  (Table  k).  Our  mean  rectangular  ocean 
(Table  5)  matches  the  observed  (Table  3)  well 
out  to  50  Ma.  Thereafter  the  theoretical  is 
compressed  relative  to  the  real  world.  Using  the 
actual  area  above  given  depths  we  plotted  the 
actual  hypsometric  curve  over  our  mean  rectangu¬ 
lar  ocean.  Then  we  compared  this  with  a  curve 
where  the  depths  are  constrained  to  follow  the 
relation  between  depth  and  age  from  Parsons  and 
Sclater  (1977).  The  difference  between  the 
percent  of  area  actually  above  a  given  depth  and 
that  predicted  from  the  depth  versus  age  relation 
is  due  to  the  effects  of  sedimentation,  residual 
depth  anomalies  and  the  compression  in  the  older 
section  of  theoretical  ocean.  From  the 
calculations  of  Berger  and  Winterer  (I97*t, 

Figure  11)  sediments  probably  account  for  about 
half  the  difference.  For  our  calculations  we 
ignore  any  changes  in  the  amount  of  sediment  or 
in  the  residual  depth  anomalies  and  we  assume 
that  this  difference  remains  constant  with  time. 
We  also  ignore  the  effects  of  trenches  (Pitman, 
1978).  It  is  possible  to  make  more  exact 
computations  of  the  effect  of  spreading  rate 
changes  on  the  actual  ocean  that  we  have  made 
here  (c.f.,  Berger  and  Winterer,  197 Pitman, 
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1978).  We  have  chosen  our  approach  of  a  mean 
equivalent  rectangular  ocean  because  (a)  it  is 
very  simple  (b)  it  is  easy  to  comprehend 
exactly  what  is  happening  (c)  it  is  easy  to 
compute  the  actual  increase  in  volume  of  the 
ridges  and  (d)  introduces  errors  that  are 
sufficiently  small  to  be  unimportant  at  our 
level  of  argument.  It  is  important  to  point  out 
that  increases  in  spreading  rate  are  not  the  only 
way  to  decrease  the  mean  age  of  the  ocean. 

Other  possible  mechanisms  are  continental 
thickening  and/or  changes  in  the  overall  length 
of  the  ridge  axis.  We  prefer  increasing  the 
mean  spreading  rate  because  there  is  some 
evidence  that  it  occurs  and  also  because  it  leads 
to  very  easy  calculations. 

We  are  now  in  the  position  to  calculate  the 
affect  of  varying  the  spreading  rate  on  the  mean 
volume  of  the  oceans.  For  these  calculations 
we  considered  two  cases,  doubling  the  spreading 
rate  for  10  million  years  and  doubling  it  for 
50  million  years  (curves  2  and  3,  Figure  8). 

We  assumed  no  increase  in  the  mean  sedimentary 
fill  of  the  ocean  or  in  the  residual  depth 
anomalies.  Thus  we  adjusted  the  theoretical 
depth  by  -  arying  the  mean  spreading  rate  and 
added  the  constant  value  representing  the 
sediment  and  depth  anomalies.  The  difference 
between  the  hypsometric  curves  in  the  two  cases 
and  the  present  gives  the  increase  in  ridge 
volume  as  a  function  of  distance  from  the 
ridge  axis  (  H,  Figure  8).  We  averaged  this 
difference  to  obtain  the  mean  change  in  ocean 
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ALTERNATE  NTREOMETNIC  CURVE 

Fig.  7.  Alternate  presentation  of  the  hypso¬ 
metric  curve  to  show  the  creation. of  sea 
floor  at  spreading  centers. 
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TABLE  3.  Cumulative  Area  in  10^  sq.  kms  and 

Percent  for  Ocean  Crust  Younger  Than 
a  Given  Age. 


Age  Ma 

Area* 
x  10^  sc. 

ef 

ft 

kms 

Depth*  kms 

4 

14 

5 

3 

20 

66 

21 

1, 

35 

108 

35 

52 

145 

47 

5 

65 

176 

57 

80 

213 

69 

95 

241 

78 

110 

2  66 

86 

125 

281 

91 

6 

140 

298 

96 

160 

306 

99 

180 

309 

100 

•Area 

versus  age 

from  Sclater  et  al.,  (in  press). 

Predicted  depth  from  the  relation  between  depth 
and  age  from  Parsons  and  Sclater  (1977). 


volume  and  muliplied  this  by  .7  to  obtain  the 
effective  change  in  freeboard  (Table  6). 

For  the  two  cases,  assuming  a  given  ratio  of 
carbonate  on  the  shelves  to  that  in  the  deep 
oceans  for  the  present,  it  is  possible  to 
calculate  the  relative  change  in  CCD.  As  before, 
we  determine  the  percentage  increase  in  shelf 
area  and  decrease  in  area  for  carbonate 
deposition  in  the  deep  sea.  The  CCD  is  found  by 
matching  this  area  with  the  adjusted  hypsometric 
curve.  In  the  case  where  we  doubled  the  mean 
spreading  rate  for  10  million  years  and  we 
assume  between  one  quarter  and  one  third  of  all 
carbonate  is  deposited  on  the  shelves  the  CCD 
rises  by  0.8  to  1.4  km.  Doubling  the  mean  rate 
of  spreading  for  all  the  ocean  with  the  same  two 
assumptions  about  present  conditions  raises  the 
CCD  l.U  to  1.8  km.  This  last  estimate  of  the 
changes  in  mean  spreading  rate  is  probably 

TABLE  4,  Comparison  of  Actual  Area  of 
Continents  and  Oceans  With 
Asymmetric  Rectangular  Ocean  With 
50,000  kms  of  Ridge  Axis  Spreading 
at  3  cm/yr  for  100  Million  Years. 

10&  sq.  kms 
Mean  Rectangular 
Observed  World 


Continental  Area 

149 

-150 

Continental .Shelf 

52 

50 

Oceans 

309 

300 

Total 

510 

500 

TABLE  5.  Cumulative  Area  in  Percent  For  Ocean 
Crust  Younger  Than  a  Given  Age  For  An 
Ocean  Spreading  at  3  cm/yr  For  100 
Million  Years. 


Age 

Ma 

Area 

% 

Depth 

Predicted* 

Percent 

Above 

Observed  Area 
Given  Depth+ 

4 

4 

3 

6 

20 

20 

4 

30 

35 

35 

52 

52 

65 

65 

5 

70 

80 

80 

95 

95 

98 

100 

100 

6 

•Depth  predicted  from  depth/age  relation 
(Parsons  and  Sclater,  1977) 

+0bserved  area  above  a  given  depth  assuming 
upper  2.5  kms  all  on  continental  shelf 
( from  Table  1 ) . 

much  too  great.  On  the  other  hand.  Pitman 
(1978)  has  estimated  that  in  the  Cretaceous 
changes  in  ridge  volume  gave  rise  to  about  a 
300  m  change  in  freeboard  which  has  steadily 
decreased  since  then.  If  our  assumptions  are 
valid  such  a  change  in  freeboard  would  raise  the 
CCD  between  1  and  1.5  km.  Thus  changes  in  ocean 
volume,  that  are  within  reasonable  limits, 
clearly  have  the  potential  to  explain  most  if 
not  all  of  the  decrease  in  the  CCD  since  the 
Cretaceous . 

Relation  Between  Lysocline,  Rate  of  Input, 
Hypsometric  Curve  and  CCD 

In  the  previous  two  sections  we  have  assumed 
that  the  accumulation  of  carbonate  in  deep  sea 
is  a  linear  function  of  supply  and  area.  This 
is  overly  simplistic  as  has  been  pointed  out  by 
Berger  and  Winterer  (1974)  and  in  fact  their 
major  objection  to  this  model  is  that  it  assumes 
there  is  no  dissolution  in  areas  above  the  CCS, 
an  assumption  that  is  demonstrably  false.  In 
this  section  we  extend  our  arguments  of  the 
previous  two  sections  to  include  variable 
dissolution  above  the  CCD.  In  the  process  we 
develop  a  simple  relation  between  varying  the 
lysocline,  the  rate  input  and  the  oceanic 
hypsometric  curve  and  the  CCD. 

Since  the  dissolution  rate  of  calcium 
carbonate  increases  with  increasing  under¬ 
saturation  (and  therefore  with  increasing  depth, 
due  to  the  pressure  effect  on  the  solubility), 
carbonate  sediments  accumulate  above  the  CCD 
and  quantitatively  balance  the  net  input  to  the 
deep  ocean.  If  an  imbalance  in  the  input/ 
output  relation  occurs,  the  resulting  excess 
sedimentation/redissolution  alters  the  saturation 
state  of  seawater  so  as  to  shift  the  CCD  to  a 
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EQUIVALENT  MEAN 
RECTANGULAR  OCEAN 


Fig.  8. 


DISTANCE  IN  KM 

Equivalent  mean  rectangular  ocean  assuming  50,000  tons  of  ridge  axis. 


1  represents  present  hypsometric  curve;  2,  curve  for  doubling  mean  rate 
of  10  million  years  and  3,  curve  for  doubling  mean  spreading  rate  for 
50  million  years.  Dashed  line  beneath  1  is  the  hypsometric  curve  from 
age  and  depth  versus  age  relation.  AH  is  the  change  in  sea  level 
associated  with  changing  the  mean  spreading  rate. 


level  where  the  area  of  sedimentation  matches 
the  new  input. 

Using  the  uniform  linear  rectangular  ocean 
model  this  balance  can  be  written 


Ri  -  Rss  =  A'(z)dz 


where  Ri  is  the  river  input  of  calcium  carbonate 
and  Rss  is  the  rate  of  sedimentation  on'  the 
shelf  and  shallow  seas,  z  is  depth  in  the 
ocean,  Rs  is  the  net  sedimentation  rate  as  a 
function  of  depth  and  A' (z)  is  the  first 


derivative  of  the  area/depth  relation  of  the 
ocean,  A(z).  The  variation  in  carbonate 
sedimentation  with  depth  is  a  function  of  the 
near-bottom  carbonate  saturation.  In  the 
present  ocean  the  transition  from  supersatura¬ 
tion  to  undersaturation  varies  from  a  few 
hundred  meters  to  several  kilometers  (Edmond, 
1971! )  and  always  increases  with  depth.  For 
reasons  of  simplicity,  .we  will  parameterize  Rs 
using  a  hinged  'lysocline'  model  (Heath  and 
Culberson,  1970) ,  where  there  is  no  dissolution 
down  to  a  depth  Z0  and  a  linearly  increasing 
rate  to  the  CCD 
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TABLF  6.  Computation  of  Changes  in  the  CCD  For 
Two  Differert  Mean  Spreading  Rates  on 
the  Ocean  Floor. 


Present 

Double  Rate 
50  Ma 

Double  Rate 
10  Ma 

Mean  Rise  in 
Ridge  Volume 

750  M1 

350  M2 

Mean  Change 
in  Sea  Level 

- 

530  M 

250  M 

Area  Increase 
For  Shelves 

Case  1 

250? 

200? 

Carbonate 
on  Shelves 

25% 

62.5? 

50? 

Carbonate 
in  Deep  Sea 

752 

37.5? 

50? 

Area  of 

Ocean  Above 
CCD 

61? 

30? 

LO? 

Depth  of 

CCD  in  Km 

Case  2 

It. 7 

3.3 

3.9 

Carbonate 
on  Shelves 

33? 

83? 

67? 

Carbonate 
in  Deep  Sea 

67? 

17? 

33? 

Area  of  Ocean 
Above  CCD 

61? 

lit? 

27? 

Depth  of  CCD 

_ !U_ 

_ 2 £ _ 

3.3 

j» 

Let  A  =  A{  2)-2a,-!ta-  and  R  =  -1  ■■s-. 

A  d  Rp 


Multiplying  through  by  ( z 
rearranging  terms: 

(A-Rte  +  Z2  +  Z3  = 
0  2^30 


+  tk  Z2  +  ^  Z3 
+  2  uCD  3  ^ccr 


CCD~S°^  and 
(A-R)ZCCC 


This  simple  cubic  equation  in  Z—p  (neglecting 
the  false  root  ZCgD  =  Z0)  can  be  used  to 
investigate  the  effect  of  changes  in  the  net 
deep  ocean  input,  the  area,  versus  depth 
relation  and  zQ  on  the  CCD. 

We  examined  this  system  assuming  the  present 
day  CCD  is  It. 7  km  and  that  A(z)  as  a  percentage 
of  total  area  was  given  by  the  following 
relation  (after  Menard  and  Smith,  1966) 

A(z)  =  lk.6%  ( z  <  2) 

A(z)  =  23.2  -  13.92  +  lt.8z2(?)  (z  >  2) 


Using  values  for  z  ,  the  depth  of  the  lysocline, 
of  3-5,  3.0  and  2.5  km  requires  Rp  values  of 
2.11,  2.36,  and  2.68  times  the  net  input 
(Ri  -  Rss)  respectively.  Doubling  the 
spreading  rate  for  10  million  years  (the  first 
case  considered  in  the  previous  section)  gives 
an  A(z)  in  present  form  Figure  8  of 


■^Mean  of  AH(3-l)  Figure  8 
2Mean  of  AH (2-1)  Figure  8 


A(z)  =  15?  ( 2  <  2) 

A(z)  =  -2.6  +  2.6Z  +  3.0Z2(?), 


Rs  =  Rp  |  CCD  Z\  for  (zCCJ)>z>z  )  (2) 

' zCCD_zo  °  ° 

where  Rp  is  the  uniform  surface  carbonate 
productivity. 

A(z)  below  2  km  can  be  approximated  by  a 
parabolic  fit 

A(z)  =  aQ  +  a^z  +  agz2  (3) 

so  that  A'(z)  =  a^_  +  2agz  (It) 

Thus  (1),  (2)  and  (if)  can  be  combined  to  give 

RlR~  Rss  =  A(<2)  +  /°(a1+2a22)d2  + 


*ccd<zccd-z)  f 

i  «!,it2V)d! 


=  (A(£2)-2a1-!fa^)  +  ag(ZQ+zccD+ZoZCCD^ 


R1 

+  —  (z„^+z 


3  _-z3 


\  2a2  ;ZCCD~Z°\ 

’  ’  ’  zCCD-zo 


(z  >  2) 


This  bathymetric  distribution  was  used  with  the 
above  paired  ZQ  and  Rp  values,  and  the  results 
of  these  investigators  together  with  the 
critical  depth  CCD  models  discussed  earlier  are 
presented  in  graphical  form  (Figure  9). 

Several  features  are  immediately  obvious 
from  the  graphs.  The  critical  depth  and 
lysocline  models  differ  little  in  their 
prediction  for  the  change  in  the  CCD  versus 
change  in  the  net  input,  for  small  perturbations 
about  the  present-day  input  (<25?).  The 
variation  of  lysocline  depths  (and  thus  varia¬ 
tion  of  dissolution  gradients.  Heath  et  al., 

1977)  does  not  significantly  affect  the  results. 

It  appears  that  the  depth  variations  of  the  CCD 
with  changing  input  are  relatively  insensitive 
to  the  model  chosen;  in  all  cases  the  gradient 
is  approximately  0.35  km  per  10  percent  change 
in  net  input. 

It  appears  that  the  effect  of  changing  the 
bathymetric  distribution  is  quite  significant: 
a  change  in  -the  spreading  rate  of  a  factor  of 
two  for  10  m.y.  will  raise  the  CCD  by  0.8  km 
in  the  absence  of  any  net  input  changes.  Since 

SCLATER  245 


(6) 


BS 


0  -10  -20  -30  -40  -50 

%  CHANGE  OF  NET  INPUT (FROM  PRESENT  VALUE) 

Fig.  Q-  CCD  changes  associated  with  changing 
the  depth  of  the  lysoline  z0  and  varying 
the  percent  change  of  river  input  from 
present. 

A:  case  1  from  Table  2  ("critical  depth" 

CCD),  present-day  bathymetry 

B:  case  2  from  Table  2  ("critical  depth" 

CCD) ,  "  " 

C:  hinged  lysocline  model,  zQ  =  2.5  Ion, 

present-day  bathymetry 

D:  "  "  ”  z.  =  3.0  km, 

«t  !• 

E:  ”  "  "  z  =  3.5  kn, 

II  I!  O 

F:  "  "  "  z0  =  2.5  km, 

10  a.y.  spreading-rate  doubling 

G:  "  "  "  zD  =  3.0  km. 


the  accompanying  extensive  shallow  sea 
formation  should  decrease  the  net  input,  a 
combined  model  for  the  change  in  CCD  suggests 
that  a  relatively  modest  decrease  of  -20%  from 
the  present-day  net  input  can  combine  with  the 
effect  of  the  changing  bathymetry  to  produce 
the  observed  l.h  km  shift  in  the  CCD  between  the 
Cretaceous  and  the  present. 

Although  these  models  differ  from  reality  in 
several  features,  the  insensitivity  of  the 
calculations  to  the  two  quite  different 
representations  of  the  CCD  suggests  that 
improvements  in  xhe  realism  of  the  models 
probably  will  not  alter  the  results  substantial¬ 
ly.  This  observation  does  not  deny  the 
influence  of  other  variables  on  the  CCD;  rather 
it  implies  that  the  effects  of  changing 
bathymetry  and  net  input  can  account  for  much  of 
the  observed  variability. 

Conclusions 

The  analysis  of  Berger  and  Winterer  (197^ ) 
and  the  attempts  to  interpret  sediment 
distribution  in  the  Atlantic  and  Indian  Oceans 
by  Van  And  el  etal.,  (1977),  McCoy  and 
Zimmerman  (1977)  and  Sclater  et  al. ,  (1977) 
nave -shown  that  the  carbonate  compensation 
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surface  (CCS)  ar.d  the  'carbonate  line'  are  useful 
concepts  when  viewed  in  a  statistical  manner 
over  5  million  years.  Particularly  revealing 
is  the  evidence  presented  by  Van  Andel  (1975) 
that  the  calcite  compensation  depth  has  a 
uniform  variation  for  all  ocean  basins  since 
the  Late  Cretaceous.  Recently  Vail  and  Mitchun 
(1976)  have  shown  that  changes  in  the  global 
height  of  sea  level  have  the  same  shape  and  the 
correct  sense  to  account  for  the  variations  in 
the  CCD. 

We  show  that  the  ocean  volume  changes 
necessary  to  explain  the  decrease  in  Eustatic 
sea  level  since  the  Late  Cretaceous  (Pitman, 

1978)  would  have  a  major  effect  on  the  CCD. 

For  example  three  effects,  changing  hypsometry, 
increased  surface  area  and  hence  deposition  on 
the  shelf  and  reduced  input  all  affect  the  CCD 
in  the  same  direction.  This  coupled  with  the 
observation  that  the  major  shelves  were  in  a 
more  southerly  latitude  in  the  Cretaceous  all 
make  shelf/deep  sea  fractionation  a  most 
attractive  explanation  of  gross  CCD  changes  in 
the  ocean. 

Two  other  lines  of  evidence  also  support 
this  explanation  of  the  general  decrease  in  the 
depth  of  the  CCD  since  the  late  Cretaceous. 

First  Kalian  (1977)  has  estimated  that  as  much 
as  50  x  10”  sq.  km  of  present  continental  area 
were  flooded  in  the  late  Cretaceous  and  since 
this  area  has  decreased  relatively  uniformly. 

This  figure  is  very  close  to  that  used  in  our 
analysis  of  the  effect  of  increasing  the 
spreading  rate  by  a  factor  of  two  for  10 
million  years.  Second,  Davies  et  al.,  (1977) 
have  demonstrated  a  net  decrease  in  carbonate 
accumulation  in  the  ocean  between  the  present 
and  the  Paleocene.  Such  a  decrease  is  totally 
consistent  with  a  lack  of  input  due  to  steadily 
increasing  accumulation  in  the  shelf  during  the 
early  Tertiary  transgression. 

Though  this  shelf/deep  sea  explanation  is  the 
most  attractive,  there  are  still  some  unresolved 
problems.  First,  the  observational  basis  for 
the  correlation  between  CCD  variations  and 
changes  in  Eustatic  sea  level  is  not  overwhelm¬ 
ing.  The  curves  of  Van  Andel  (I975)  are 
preliminary  and  there  are  questions  concerning 
the  amplitude  of  the  changes  in  sea  level  noted 
by  Vail  and  Mitchum  (1978).  Second,  compilation 
of  global  ocear-j.0  sedimentation  rates  show 
lower  values  during  the  Oligocene  than  in  the 
Eocene.  This  is  in  direcz  conflict  with  the 
prediction  of  the  basin/deep  sea  fractionation 
model  where  high  rates  would  be  predicted 
during  a  regression  and  a  deep  CCD.  Finally, 
third,  a  dramatic  drop  of  about  1  km  is 
observed  in  the  late  itocene  for  the  CCD  in  all 
basins  (Figure  l).  Ocean  volume  changes 
associated  with  decreasing  the  mean  age  of  the 
ocean  are  not  sufficiently  fast  to  explain  such 
a  rapid  change. 

The  above  points  demonstrate  that  considera¬ 
bly  more  work  is  heeded  to  resolve  the  enigma 


of  CCD  variations  in  the  deep  sea.  This  is 
particularly  true  because  the  implications  of 
the  possible  explanations  are  important  for 
geology  and  geophysics  as  well  as  micro¬ 
paleontology. 

If  it  can  be  shown  that  both  the  CCD  and  the 
ecstatic  sea  level  curve  can  be  related  to 
changes  in  ocean  volume  over  the  past  50 
million  years,  then  variations  in  these  curves 
can  be  used  to  investigate  changes  in  ocean 
volume  throughout  the  geologic  record.  As 
these  changes  result  from  variations  in  the 
rate  of  heat  loss  of  the  earth,  the  CCD  and 
ecstatic  curves  may  enable  us  to  examine  these 
variations  as  a  function  of  time  (Turcotte  and 
Burke,  1978).  This  information  would  be 
invaluable  for  models  of  thermal  convection 
and  global  heat  loss.  Because  this  problem  is 
of  such  potential  importance  we  feel  more  effort 
should  be  placed  to  justify  the  observational 
basis  of  the  correlations  we  have  assumed  to 
exist  in  this  paper  and  further  careful 
quantitative  analysis  should  be  made  of 
explanations  such  as  fertility  ar.d  deep  sea 
currents  which  we  have  not  considered.  The 
preliminary  approach  of  Ramsay  (1977)  to 
hiatuses  appears  to  have  considerable  potential 
for  the  quantitative  analysis  of  the  effects  of 
deep  sea  currents,  and  internal  recycling  of 
carbonates  within  the  ocean. 
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Abstract.  Depositional  environments  in  the 
deep  Atlantic,  Pacific  and  Indian  Ocean  under¬ 
went  large  changes  from  140  m.y.  to  60  m.y.  ago. 
The  bathymetric  and  chronologic  distribution 
patterns  of  organic  carbon  and  carbonate  suggest 
strong  basin-basin  fractionation  of  abyssal 
waters.  A  model  of  salinity-stratified  deep 
waters  in  topographically  restricted  basins  is 
proposed  to  explain  occurrence  and  timing  of 
Cretaceous  anoxic  events  and  the  peculiarities 
of  Mesozoic  carbonate  versus  depth  profiles- 

Introduction 

Recent  success  in  the  recovery  of  Mesozoic 
deep-sea  sediments  by  Glomar  Challenger  or  the 
Deep  Sea  Drilling  Project  (DSOP)  has  made  it 
obvious  that  depositional  oceanic  environments 
in  the  past  must  have  been  very  different  from 
today's.  The  evidence  includes  widespread 
intermittent  occurrence  of  mid-Cretaceous  black 
shales  (recently  reviewed  by  Ryan  and  Cita 
(1977)),  and  the  rapid  fluctuations  of  the 
carbonate  compensation  depth  (CCD)  observed  in 
the  major  ocean  basins  during  the  Cretaceous 
(Thierstein  and  Okada,  in  press).  Potential 
variables  to  be  examined  in  an  attempt  to  under¬ 
stand  past  changes  in  ocean  circulation  and 
climate  are  paleogeography,  paleobathymetry , 
distribution,  preservation,  geochemistry  and 
accumulation  rates  of  sediment  components,  and 
evolution  and  diversity  of  organisms.  Among 
these  parameters  the  stratigraphic  and  paleo- 
bathymetric  distributions  of  carbonate  and 
organic  carbon  through  the  Mesozoic  are  analyzed 
and  interpreted  in  the  framework  of  a  dominantly 
salinity-stratified  world  occ  ji  with  topographic¬ 
ally  Isolated  basins  leading  to  repeated  basin- 
basin  deep-water  fractionation. 

Data  Base  and  Data  Treatment 

Time  Scale 

Ihe  accuracy  of  the  time  scale  used  in  paleo- 
oceanographic  reconstructions  deserves  critical 
evaluation,  since  it  Is  important  in  several 


aspects.  Biostratigraphy  places  the  sediments 
from  different  paleoenvironments  into  a 
relative  time-framework.  Knowledge  of  the 
present  depth  and  absolute  age  of  deposition  of 
a  sediment  sample,  and  of  the  absolute  age  of 
the  emplacement  of  the  underlying  oceanic  crusL 
allows  the  depositional  paleodepth  to  be 
determined  (Berger,  1972).  Because  oceans  are 
dynamic  systems,  they  are  characterized  by 
processes  which  vary  through  space  and  time. 

Past  changes  in  such  processes  can  only  be 
unraveled  if  various  sedimentary  constituijits 
(grain  size,  biological,  raineralogical,  aid 
chemical  components)  are  interpreted  wit! 
respect  to  rates  of  accumulation  or  dissolution. 

While  late  Cretaceous  biostratigraphic, 
magnetic  and  radiometric  time  scales  are  reason¬ 
ably  well  established,  the  coi  elation  and 
absolute  ages  of  pre-Cenomanlan  magnetic 
reversals  and  biostratigraphic  ev  -nts  is  still 
controversial.  Uncertainty  on  the  absolute 
length  of  the  Alblan  stage,  for  instance,  is 
over  50Z,  if  the  time  scales  proposed  by  v-n 
Hinte  (1976a)  and  Thierstein  (1976)  are  '.ompared 
with  the  biostr3tlgraphically  correlate  radio- 
metric  K/Ar  ages  given  by  Obradovich  and 
Cobban  (1975) ;  age  estimates  based  upon  the 
magnetic  reversal  time-scale  by  Larson  and 
Pitman  (1972)  and  van  Hinte  (1976a,b)  differ  by 
as  much  as  13  million  years  (Berggren  et  al., 
1975)! 

In  the  absence  of  direct  radiometric  measure¬ 
ments,  dating  of  the  Mesozoic  magnetic  anomaly 
sequence  is  almost  exclusively  done  via  the 
oldest  nannofossil  assemblages  overlying 
basaltic  basements  (Larson  and  Chase,  1972; 

Larson  and  Pitman,  1972;  Larson  and  Hilde,  1975). 
These  nannofossil  assemblages  are  in  turn 
correlated  with  the  assecblages  observed  in 
Cre-!-  'ous  stratotypes  (Manivit,  1971;  Sissingh, 

19  /;  "erstein,  1973,  1975,  1976).  All 
presently  available  radiometric  ages  in  the  late 
Jurassic  and  early  Cretaceous  are  correlated 
with  the  stratotypes  by  Independent  paleontolo- 
gic  evidence.  A  number  of  DSDP  sites  drilled  on 
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Mesozoic  magnetic  anomalies  do  allow  corieiation 
of  the  magnetic  and  biostratigraphic  time  scales: 
anomaly  M-0  has  been  dated  as  late  Aptian  at 
Site  417  (Donnelly  et  al.,  1977),  anomaly  M-4  as 
Hauterivian  to  Barremian  at  Site  303  (Larson, 
Koberly  et  al.,  1975;  personal  observation), 
the  interval  between  anomalies  K-7  and  M-8  as 
Hauterivian  at  Si<"e  166  (Thierstein,  1976), 
anomaly  M-9  as  middle  to  late  Valanginian  at 
Site  304  (Larson,  Moberly  et  al.,  1975;  personal 
observation),  and  the  interval  between  anomalies 
M-15  and  M-16  as  early  Valanginian  at  Site  387 
(Okada  and  Thierstein,  in  press).  These 
correlations  required  only  minor  adjustments  to 
be  made  to  the  correlation  of  the  Cretaceous 
magnetic  reversal  sequence  with  biostratigraphv 
proposed  by  Thierstein  (1976).  This  adjusted 
Cretaceous  tine-scale  has  been  used  to  assign 
absolute  ages  to  magnetically  dated  basement  and 
biostratigraphically  dated  sediments.  Age 
estimates  of  Jurassic  magnetic  anomalies  and 
sediment  samples  are  averages  of  the  absolute 
tine-scales  proposed  by  van  Hinte  (1976b)  and 
Thierstein  (1976) .  The  absolute  ages  of  those 
cores  which  contained  no  biostratigraphic 
boundaries  or  were  barren  of  any  fossils  were 
interpolated  from  the  age  of  the  closest  under¬ 
lying  and  overlying  fossiliferous  cores. 

Palcobathymetry 

All  DSDP  sites  that  were  drilled  on  Mesozoic 
crust  during  legs  1  through  53  and  whose  base¬ 
ment  ages  are  known  or  can  be  reasonably  well 
estimated  (Table  1)  have  been  backtracked  from 
their  present  depth  along  the  empirical  sub¬ 
sidence  curve  given  by  Berger  and  Winterer 
(1974).  Their  paleogeographic  distribution  is 
shown  in  Figures  1-3  (after  Smith  and  Briden, 
1977;  Sclater,  Abbott  and  Thiede,  1977; 

Lancelot,  1978).  Parsons  and  Sclater  (19771  have 
recomputed  an  empirical  subsidence  curve  which 
includes  recently  drilled  sites  on  old  basement. 
Their  curve  indicates  that  our  paleodepth  esti¬ 
mates  for  the  older  paits  may  be  too  shallow  by 
up  to  100  m.  Computed  paleodepositional  depths 
were  corrected  for  the  thickness  and  the  isosta¬ 
tic  effect  of  sediments  deposited  since  ("back- 
stripping"  of  Watts  and  Ryan,  1976)  by  applying 
a  correction  factor  of  50%  (Berger,  1972) 

(Figure  4-7).  More  recently  an  isostatic 
correction  of  one  third  of  the  sediment  thickness 
was  used  by  van  Andel  et  al.  (1977),  which  would 
result  in  a  paleodepositional  estimate  200  n 
deeper  than  ours  for  a  sediment  load  of  1  km. 
These  possible  errors,  together  with  those  caused 
by  uncertainties  of  the  absolute  age  of  magnetic 
anomalies  and  biostratigraphic  events,  are  sys¬ 
tematic  and  may  be  analysed  at  all  sites.  Addi- 
tiopal  errors  are  introduced  by  the  uncertain 
position  of  a  sediment  sample  within  a  bidstrati- 
graphic  zone  or  by  uncertainty  of  depth  determi¬ 
nation  in  DSDP  holes  (van  Andel^  1972;  for  dis¬ 
cussion  and  review  see  also  Thierstein  and  Okada, 
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in  press).  We  estimate  that  our  paleodepth 
determinations  are  generally  within  ±  200  m  and, 
particularly  in  the  early  part  of  the  subsidence 
history  of  a  site,  within  i  300  m  of  the  true 
paleodepth.  Th’s  also  applies  to  sites  drilled 
on  aseismic  ridees  and  near  continental 
margins  since  their  subsidence  appears  to  closely 
follow,  after  correction  for  sediment  loading, 
the  lithospheric  cooling  curve  of  Qid-oceanic 
ridges  (Sleep,  1971;  Watts  and  Ryan,  1976; 
Detrick,  Sclater  and  Thie.de,  1977). 

Organic  Carbon  and  Carbonate  Data 

All  carbonate  and  organic  carbon  measurements 
made  on  Mesozoic  and  early  Paleocene  sediments 
recovered  during  the  first  52  legs  of  the  Deep 
Sea  Drilling  Project  were  obtained  from  the  DSDP 
data  bank.  Additional  carbonate  measurements  of 
late  Cretaceous  sediments  from  Sites  192,  199 
and  289  were  made  in  our  laboratory  and  in¬ 
corporated  into  the  data  base.  For  each 
measured  sample  an  estimate  of  the  time  of 
deposition,  based  on  its  fossil  content,  and  an 
estimate  of  the  paleodepth  of  deposition,  based 
jn  the  subsidence  curve,  were  made.  Data  for 
each  major  ocean  basin  were  then  plotted  by- 
computer  on  an  age  versus  paleodepth  diagram 
with  a  grid  resolution  of  one  million  years  and 
200  m  depth.  Four  plots  per  run  were  produced, 
one  showing  the  number  of  over-lapping  data 
points  per  grid  point  (Figures  8  -  11)  and  one 
each  showing  the  minimum,  maximum  and  averaged 
organic  carbon  and  carbonate  values  encountered 
at  each  grid  point.  The  values  were  then 
contoured  by  hand. 

Considerable  variability  of  carbonate  and 
organic  carbon  values  in  any  one  grid  point  or 
of  neighboring  grid  pcints  were  occasionally 
encountered.  The  variability  was  analyzed  in 
each  instance  for  its  possible  cause,  such  as 
provenance  from  different  geographic  areas  for 
samples  with  similar  ages  and  paleodepths,  or 
dilution  by  detritus,  or  rapidly  alternating 
lithology  as  encountered  frequently  in  the 
transitional  interval  from  early  Cretaceous 
well-oxygenated  chalks  and  limestones  into 
middle  Cretaceous  black  shales  (e.g.  DSDP  Sites 
105,  384,  367).  Within  these  intervals  of  a 
highly  variable  CCD,  contouring  average,  rather 
than  minimum  carbonate  contents  appears  to  be 
the  most  sensible  way  to  interpret  the  data, 
since  frequent  carbonate  content  excursions  over 
short  time  intervals  are  far  beyond  the  bio¬ 
stratigraphic  and  plotting  resolution  ana, 
occasionally,  might  even  be  due  to  local  dis¬ 
placement.  Organic  carbon  contents  are 
contoured  around  the  maximum  values  encountered. 
When  averaged,  most  of  these  values  decrease  to 
below  one  percent  and  only  high,  isolated  values 
remain.  Such  a  plot  thus  would  contain  a  strong 
sample  density  bias. 
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Figure  1.  Paleogeography  and  paleoposition  of  DSDP  sites  140  alllion  years  ago. 


Distribution  of  Organic  Carbon 

Increasing  attention  is  being  given  to  the 
unique  organic  carbon  preservation  in  Mesozoic 
black  shale  deposits  recovered  from  all  ocean 
basins  by  the  Deep  Sea  Drilling  Project  (see 
reviews  by  Schlanger  and  Jenkyns,  1976,  and 
Ryan  and  Cita,  1977)  in  an  attempt  to  understand 
the  paleoceanographic  and  economic  implications 
of  widespread  oxygen  depletion  of  deep  ocean 
waters  (Fischer  and  Arthur,  1977;  Thiede  and  van 
Andel,  1977;  Arthur  and  Schlanger,  in  press). 
Although  the  provenance  of  the  preserved  organic 
compounds  is  still  being  established  (Tissot, 
this  volume) ,  the  fact  that  organic  carbon  of 
pelagic  or  detrital  origin  has  never  been 
preserved  since,  and  possibly  never  prior  to  the 
middle  Cretaceous,  in  such  quantities  (Irving  et 
al.,  1974)  warrants  a  careful  review  of  the 
stratigraphic  and  paleobathymetric  distribution 
of  organic  catbon  in  Mesozoic  sediments. 

North  Atlantic 

The  highest  organic  carbon  contents  measured 
in  Mesozoic  sediments  of  the  NorthAtlantic  are 
shown  in  Figures  12  -  14.  In  the  western  Sorth 
Atlantic  (Figure  9)  organic  carbon  contents  (in 
weight  percent  of  dry  bulk  sample)  increase 
above  one  percent  in  the  earliest  Berriasian 


(Nannoconus  coloai  Zone)  at  Site  391C  (Kind,  in 
press)  and  in  the  late  Berriasian  to  early 
Valanginian  (Cretarhabdus  angustiforatus  Zone) 
at  Site  387  < Okada  and  Thierstein,  in  press). 
Values  above  three  percent  occur  from  the  early 
Hauterivian  onwards  (Sites  105,  387  and  391). 

The  highest  organic  carbon  contents  in  the 
western  Atlantic  are  observed  in  the  late 
Cenomanian  at  Sites  386  (11.5%)  and  387  (11.3%). 
One  odd  value  of  4.0Z  occurs  in  late  Campanian 
chalks  at  Site  10,  and  two  measurements  of  less 
than  1.3%  were  made  in  early  Paleocene  sediments 
at  Site  387. 

In  the  eastern  north  Atlantic  basin  (Figure 
13)  the  earliest  organic  carbon  contents  above 
one  percent  occur  in  the  Hauterivian  at  Sites 
367  and  416  (Cepek,  1978;  and  pers.  coma.). 

Highest  values  have  been  observed  in  the  late 
Albiac  to  earliest  Turonian  at  Site  367  and  the 
Albian  at  Site  369.  The  maximum  organic  carbon 
content  (28.0%  in  367-18-2,  34  cm)  appears  also 
to  be  the  youngest  one  measured  in  the  deep 
North  Atlantic.  In  the  site  report  (Lancelot, 
Seibold  et  al.,  1978)  the  age  of  Core  IS  is 
indicated  as  Cenomanian  or  younger,  based  on 
foraminifera  and  nannoplankton.  Cepek  (1978), 
however,  claims  a  Coniacian  age  for  Core  18,  the 
evidence  being  the  occurrence  of  Luciahorhabdus 
cayeuxii  as  the  only  species  present  in-the'eore 
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Figure  3.  Paieogeography  and  paleoposition  of  DSDP  sites  60  million  years  ago. 


the  South  Atlantic  is  shown  in  Figure  15.  The 
oldest  recovered  sediments  are  of  early  Aptian 
age  (Proto  Decima  et  al.,  1978)  at  Site  361  in 
the  Cape  Basin,  where  the  highest  organic 
carbon  values  range  from  13.7%  in  the  early 
Aptian  to  14.6%  in  the  late  Aptian.  In  Albian 
through  Santonian  sediments  from  the  Cape  Basin, 
organic  carbon  accumulations  never  exceed  2%  and 
those  from  post-Santonian  time  remain  below  1%, 
as  do  those  from  the  Argentine  Basin.  Oxygen 
deficiency  apparently  persisted  longer  north  of 
the  Rio  Grande-Walvis  sill.  A  maximum  of  22.5% 
organic  carbon  occurs  in  late  Aptian  sediments 
from  Site  364  off  the  Angolan  coast,  values 
below  2%  occur  in  samples  of  middle  Albian  and 
younger  age.  A  single  early  Santonian  sample 
at  Site  364  with  21.3%  organic  carbon  marks  the 
end  of  oxygen  deficiency  in  the  South  Atlantic. 
Occurrences  of  organic  carbon  from  the  Brazil 
basin  are  limited  to  less  than  4.8%  anc  were 
found  at  Site  356  in  sediments  of  Tcronian  to 
Coniacian  age  (Supko,  Perch-Nielsun,  et  al., 
1977).  The  available  evidence  from  the  South 
Atlantic  Is  not  sufficient  to  show  whether  the 
lafct  '■taceous  oxygen  deficiency  in  the  northern 
part  or  the  South  Atlantic  was  due  to  stagnation 
or  an  intensification  of  an  intermediate  oxygen 
minimum  layer  (Thiede  and  van  Andel,  1977).  The 
high  late  Cretaceous  organic  carbon  contents 
north  of  the  Rio  Grande-Wa.1  vis  sill  are  in  the 
deepest  sediments  recovered  so  far  within  that 


topographically  restricted  basin  and  can  not 
reasonably  be  compared  with  Site  361  on  the 
south  side  of  the  shallow  sill,  where  high 
organic  carbon  accumulations  are  limited  to  the 
early  Cretaceous. 

The  following  organic  carbon  contents  in  ex¬ 
cess  of  1%  have  teen  measured  at  other  South 
Atlantic  DSDP  sites  of  unknown  paleodepths: 

Northern  Brasil  Basin 

Site  24,  Core  3,  1.2%  organic  carbon, 

1  late  Cretaceous  sample 

Falkland  Plateau 

Site  327A,  Cores  22  -  25,  1.1%  to  3.5% 
organic  carbon,  3  Aptian  samples 

Site  327A,  Cores  26,  27,  1.4%  and  2.6% 
organic  carbon,  2  Berriasian- 
’lauterivian  samples 

.,  Core  3,  5.8%  organic  carbon, 
•'..•clan  sample 

r:te  330,  Core  4,  5.3%  organic  carbon. 

1  5erriasian-Hauterivian  sample 

Site  330,  Cores  5  -  13,  1.2%  to  4.4% 
organic  carbon,  28  Oxfordian  samples 
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Figure  6.  Backtracking  of  DSDP  sites  in  the 
Pacific. 
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Figure  8.  C  ,ti  point  density  in  the  North  Atlantic,  showing  number 
of  overlying  carbonate  and  organic  carbon  measurements. 


Pacific 


Significant  accumulations  of  organic  carbon 
in  the  Mesozoic  Pacific  are  limited  to  paleo- 
depths  of  less  than  2  km  (Figure  15) .  There  is 
one  sample  with  1.2%  organic  carbon  of  late 
Valanginian  age  at  Site  306,  one  sample  with 
28.7%  of  Barremian  to  Aptian  age  at  Site  317, 
and  two  samples  with  2.3%  and  2.8%  of  Turonian 
age  at  Site  171.  Although  documentation  of 
Mesozoic  sediments  in  the  deep  Pacific  is  Still 
very  poor  (Figure  10) ,  well  oxygenated  sediments 
of  Valanginian,  Barremian,  Aptian  and  Turonian 
age  were  recovered  from  paleodepths  in  excess  of 
2  km  at  Sites  164,  166,  167,  170,  288,  306  and 
307.  The  possibility  that  short  intervals  of 
oxygen  depletion  in  the  deep  Pa-ific  have 
occurred  and  have  so  far  been  missed  by  drilling 
due  to  spot  coring  and  poor  recovery  cannot  be 
ruled  out,  but  appears  rather  unlikely. 

No  organic  carbon  conte its  in  excess  of  1% 
have  been  reported  from  any  other  sites  drilled 
in  the  Pacific  on  Paleocene  or  older  crust. 

IndJan  Ocean 


Despite  the  widespread  occurrence  of  black 
shale  facies  in  the  Cretaceous  sediments  of  the 
Indian  Ocean,  measured  organic  carbon  contents 
never  exceeded  2.8%  (Figure  17).  Values  in 
excess  of  1%  are  limited  to  middle  and  late 
Albian  occurrences  at  Sites  258,  261  and  263 
with  the  exception  of  two  Santonian  samples  of 
1.2%  organic  carbon  each  at  Site  258  and  two 
early  Paleocene  samples  of  less  than  2%  at  Site 
259, 

At  site  249,  drilled  on  the  Mozambique  Ridge, 
organic  carbon  contents  between  1%  and  2%  are 
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observed  from  the  Aptian  through  the  Campanian. 
Although  the  subsidence  history  of  the 
Mozambique  Ridge  is  not  known.  Site  249  probably 
always  was  at  paleodepths  less  than  2  km.  One 
organic  carbon  content  of  2.0%  was  measured  in 
late  Cretaceous  (Turonian?)  sediments  at  Site 
241,  located  in  the  Somali  Basin  on  basement  of 
unknown  age. 
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Figure  9.  Data  point  density  in  the  South 
Atlantic,  showing  number  of  overlying  carbonate 
and  organic  carbon  measurements. 
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Figure  10.  Data  point  density  in  the  Pacific,  showing  nunher  of 
overlying  carbonate  and  organic  carbon  measurements . 


Distribution  of  Carbonate 

Since  the  pioneering  work  of  Bramlette  (1961)  , 
Peterson  (1966) ,  Berger  (1967) ,  Ruddiman  and 
Heezen  (1967) ,  and  others ,  geologists  have 
successfully  used  carbonate  distribution  patterns 
in  deep-sea  sediments  for  interpreting  the 
chemistry,  circulation,  and  watermass  distribu¬ 
tions  of  the  present-day  oceans  and  of  those  in 
the  past  (for  a  recent  review  see  Berger,  1977). 
The  amount  of  carbonate  buried  in  deep-sea 
sediments  is  the  final  product  of  the  inter¬ 
acting  processes  of  surface  fertility,  fecal 


transport,  dissolution,  benthic  burrowing, 
lateral  transport,  and  diagenesis.  The  effects 
of  these  contributing  mechanisms  are  being 
studied  intensively,  primarily  in  recent  sedi¬ 
ments,  and  the  emerging  results  may  greatly 
enhance  our  capability  of  interpreting  the 
oceanographic  signals  preserved  in  ancient 
sediments.  It  has  been  shown  convincingly, 
however,  that  some  basic  information  on  the 
chemistry,  fertility,  and  circulation  patterns 
of  the  oceans  may  be  gained  from  an  analysis  of 
sediment  composition  alone  (e.g.  Berger,  1972; 
Lisitzin,  1972;  Berger,  Adelseck,  and  Mayer, 
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Figure  11.  Data  point  density  in  the  Indian 
Ocean;  shying  number  of  overlying  carbonate 
and  organic  carbon  measurements. 
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1976;  Biscaye,  Kolla>  and  Turekian,  1976;  Kolia, 
Be  and  Biscaye,  1976;  Ramsay,  1977;  and 
references  therein). 

Given  the  rather  poor  recovery  of  Mesozoic 
deep-sea  sediments  until  quite  recently,  pre- 
vious  attempts  have  concentrated  on  delineating 

and"cCD  (i  dePth  Position  of  the  lysocline 
fflL  rri0US  definitions)  through  time 

2975 !  r9  °5  B6ff«  and  von  Rad.  1972;  van  Andcl, 

1977-  van  w  i ’  fclater>  tobott  and  Thiede, 
1977,  van  Andel  et  al.,  1977).  Drilling  by 


Figure  12.  Distribution  of  highest  organic 
carbon  contents  in  western  North  Atlantic. 


Glomar  Challenger  into  Mesozoic  sediments  during 
he  past  few  years  has  permitted  a  considerable 
refinement  o*  the  pre-Cenozoic  oceanic  carbonate 
7Th<  ^  Partiaulafly  1"  the  North  Atlantic 
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Figure  13.  Distribution  of  highest  organic 
carbon  contents  in  eastern  North, Atlantic 
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Figure  14.  Distribution  of  highest  organic  carbon  contents  in  the  Mesozoic  North  Atlantic. 
Values  projected  laterally  onto  paleoprof iles  (Georgia-Senegal)  constructed  fron  oaleo- 
bathymetric  maps  given  by  Sclater,  Hellinger  and  Tapscott  (1977).  Note  location  of  highest 
values  [12%  (11.5%  measured)  at  Sites  386  and  387:  28%  at  Site  367). 


North  Atlantic 

The  bathymetric  distribution  of  late  Mesozoic 
carbonate  deposits  in  the  North  Atlantic  is 
characterized  by  repeated  fluctuations  across  a 
depth  range  of  more  than  2  km  (Figure  18) .  Late 
Jurassic  sediments  have  carbonate  contents  of 
generally  less  than  60%  on  both  sides  of  the 
North  Atlantic  (Sites  100,  105,  and  367).  A 
well-defined  Jurassic  CCD  cannot  be  documented, 
but  if  present,  appears  to  have  been  at  depths 
greater  than  3-4  km.  High  carbonate  values 
predominate  in  Berriasian  through  late  Berremian 
sediments  at  Sites  99,  100,  105,  367,  387  and 
398.  Lower  values  occur  in  the  detrital-rich 
flysch  deposits  at  Sites  370  and  416A  (Lancelot:, 
Seibold  et  al.,  1978;  Lancelot,  Winterer  et  al., 
1977) .  A  sharp  decrease  of  carbonate  contents 
near  the  Barremian/Aptian  boundary  is  documented 
at  Sites  105,  367,  387,  and  398D  and  is  equi¬ 
valent  to  a  sudden  rise  of  the  CCD  of  more  than 
2  km.  Low-carbonate  black  shale  facies  are 
documented  at  numerous-sites  and  lasted  from 
Aptian  through  Cenomanian  time.  A  gradual 
descent  of  carbonate  deposition. to  greater  paleo- 
depths  in  the  late  Albian  and  early  Cenomanian 
was  reversed  in  the  late  Cenomanian  as  is  evident 
at  Sites  137,  386,  and  398D.  There  are  at  pre¬ 
sent  no  data  points  available  from  shallower 
parts  of  the  North  Atlantic  from  the  Turonian 
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Figure  15.  Distribution  of  highest  organic 
carbon  contents  in  the  South  Atlantic.  Sites 
from  north  and  south  of  the  Rio  Graude-Walvis 
sill  plotted  together. 

TH1ERSTEIN  259 


"""I  "le  K  *  Mi'lnl  Jliillmli'  iwMWwW '  Ill'JiX 


I  Ti  if  Vo  1  Ho  | Bq  Ap  Alb  |c  T\T]c  So[  Co  Mo  Pol 


Ki 


150  140  130  120  HO  100 

MYB.P 


80 


90 


70 


60 


Figure  16.  Distribution  of  highest  organic  carbon  contents  in  the  Pacific  (dashed  contours) 
and  in  the  North  Atlantic  (eastern  and  western  basins  combined,  solid  contours). 


through  the  Santonian  (Figure  8) .  Another 
carbonate  excursion  of  more  than  2  km  into  the 
deep  North  Atlantic  from  the  middle  Maastrich- 
tian  to  the  earliest  Danian  is  manifested  at 
Sites  370,  386,  387,  398  and  400A. 


South  Atlantic 

Documentation  of  the  history  of  carbonate 
deposition  in  the  South  Atlantic  (Figure  19)  is 
based  on  less  evidence  than  that  of  the  North 
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Figure  17.  Distribution  of  highest  organic 
carbon  contents  in  the  Indian  Ocean; 
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Figure  18.  Distribution  of  average  carbonate 
contents  in  the  North  Atlantic. 


Atlantic  (Figures  8  and  9) .  No  pre-Aptian 
early  Cretaceous  marine  sediments  have  been 
recovered  so  far  from  the  deep  sea  (McCoy  and 
Zimmerman,  1977)  or  from  the  surrounding 
continents  (Bertels ,  1977) .  The  CCD  can  only 
be  documented  by  a  comparison  of  sites  from 
north  of  the  Walvis-Rio  Grande  sill  with  the 
deeper  sites  (i.e.  358  and  361)  in  the  south, 
except  for  the  Turonian  shallowing  of  the  CCD 
preserved  at  Site  356.  A  late  Campanian  to 
early  Kaastrichtian  dissolution  pulse  is 
manifested  at  Sites  356,  358,  and  364. 

The  average  late  Cretaceous  carbonate  contents 
in  the  South  Atlantic  are  considerably  lower  than 
those  in  the  North  Atlantic. 

Pacific 

The  bathymetric  changes  in  carbonate  contents 
of  late  Mesozoic  sediments  in  the  Pacific  are 
shown  in  Figure  20.  The  extremely  poor  coverage 
of  abyssal  pre-Campanian  sediments  (Figure  10) 
is  mainly  due  to  spot  coring  and  poor  recovery 
in  the  cherty  sequences  drilled  at  Sites  198  and 
307  and  to  uncertainties  and  difficulties  in 
biostratigraphically  dating  the  recovered  cores. 
Low  carbonate  contents  at  paleodepths  greater 
than  2  km  in  the  early  Cretaceous  have  been 
documented  at  Sites  164,  166,  170,  198  and  307. 

A  decrease  in  carbonate  contents  near  the 
Barreml an /Aptian  boundary  is  observed  at  Sites 
166  and  305.  Considerably  higher  carbonate 
values  than  in  the  Atlantic  are  observed  in  the 
late  Aptian  and  Alb i an  at  paleodepths  between  2 


and  3  km.  A  Coniacian  to  Santonian  dissolution 
pulse  occurs  at  Sites  167  and  317A.  Increased 
carbonate  contents  in  the  early  Campanian 
sediments  at  Sites  167  and  170  indicate  a  CCD 
excursion  into  the  deep  Pacific,  that  extended 
down  to  6  km  paleodepth  in  the  late  Campanian 
to  early  Maastrichtian  Tetralithus  trifiaus 
Zone  at  Site  199.  The  presence  of  a  middle 
Maastrichtian  to  early  Paleocene  hiatus  at 
the  same  site  and  reworking  of  late  Maastrich¬ 
tian  and  early  Panian  nannofossils  into  mid-lie 
Danian  sediments  (Chiasmolithus  danicus  Zone) 
has  been  discussed  by  Thierstein  and  Okada 
(in  press).  The  deepest  and  possibly  continuous 
sediment  record  across  the  Cretaceous/Tertiary 
boundary  was  recovered  at  Site  305  at  a 
paleodepth  of  about  2700  m,  and  shows  carbonate 
contents  of  over  90%.  A  middle  Maastrichtian 
drop  in  carbonate  contents  is  documented  at  Si .e 
163  (3400  m  paleodepth) ,  Site  315A  (3230  ra 
paleodepth)  and  Site  316  (2940  m  paleodepth) . 
Carbonate  deposition  in  the  deep  Pacific  may 
have  resumed  shortly  after  the  beginning  of  the 
Paleocene  as  evidenced  by  the  recovery  of  middle 
Danian  (C.  danicus  Zone)  limestones  and  chalks 
at  Sites  199  (transported  from  shallower  areas) , 
316  and  317A. 

The  observed  depth  fluctuations  of  the  carbo¬ 
nate  contents  through  the  Mesozoic  appear  to  go 
in  opposite  directions  in  the  Pacific  and  North 
Atlantic  oceans  (compare  Figures  18  and  20) 
except  for  the  global  dissolution  pulses 
occurring  in  the  Aptian  and  Turonian-Coniacian 
intervals. 
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Table  1.  Deep  Sea  Drilling  Sites  conuido 
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Figure  19.  Distribution  of  average  carbonate 

contents  in  the  South  Atlantic. 

Indian  Ocean 

Mesozoic  sediments  from  the  Indian  Ocean 
(Figure  21)  are  characterized  by  low  carbonate 
contents  prior  to  the  Turonian.  A  gradual 
descent  of  the  CCD  can  be  distinguished  from 
about  1  km  depth  in  the  Cenomanian  (Sits  258) 
to  3.5  km  in  the  early  Maastrichtian  (Sites  211 
and  259)  and  to  more  than  4.5  km  in  the  late 
Maastrichtian  (Site  212,  paleodepth  of  sediment 
source  area  used).  Low  carbonate  values  are 
measured  in  the  early  Paleocene  sediments  from 
Sites  239,  259  and  263. 

Occasional  early  Cretaceous  occurrences  of 
carbonate  values  up  to  702  at  Sites  259,  260 
and  261  were  found  in  sediments  often  containing 
mixed  nannolith  assemblages  and  shallow  water 
benthic  foraminifera  (Bartenstein,  1974; 
Scheibnerova,  1974  and  1977) ,  and  must  therefore 
be  considered  allochthonous.  This,  together 
with  the  Inclusion  of  the  source  of  the 
Maastrichtian  carbonates  preserved  at  Site  212, 
leads  to  a  somewhat  different  interpretation  of 
the  carbonate  history  in  the  Indian  Ocean  than 
those  given  previously  by  van  Andel  (1975)  and 
Sclater,  Abbott  and  Thiede  (1977). 

Oceanic  Circulation  and  the  Mesozoic 
Deep  Sea  Record 

A  globally-observed  deficiency  of  preserved 
carbonate  in  middle  Cretaceous  deep-sea 
sediments  is  correlative  with  the  accuswlation 
and  preservation  of  large  amounts  of  organic 
carbon.  A  general  descent  of  carbonate  deposi- 
tion  to  abyssal-  depths  through  the  late 


Cretaceous  is  observed  in  all  four  major  ocean 
basins.  This  global  dichotomy  between  middle 
and  late  Cretaceous  sedimentation  patterns  can 
be  attributed  to  either  changes  in  fertility, 
terrigenous  dilution,  or  basin-shelf  fractiona¬ 
tion  of  lime  related  to  transgressive-regressive 
cycles,  or  to  a  combination  of  these. 

Basin-Basin  Fractionation 

A  strong,  rapidly  reversing  basin-basin 
fractionation  of  carbonate  is  evident  in  the 
offset  timing  of  several  dissolution  and 
preservation  intervals,  especially  between  the 
Pacific  and  Nortu  Atlantic.  In  the  early  part 
of  the  early  Cretaceous  the  deep  North  Atlantic 
appears  to  have  acted  as  a  carbonate  trap.  The 
fractionation  of  lime  during  the  middle  Cre¬ 
taceous  is  observed  mainly  in  reciprocal  changes 
of  carbonate  percentages  at  shallow  to  inter¬ 
mediate  depths  in  the  Pacific  and  north  Atlantic 
oceans,  rather  than  in  obvious  depth  fluctuations 
of  the  CCD.  The  most  striking  carbonate  ex¬ 
cursions  are  observed  near  the  Cretaceous- 
Tertiary  boundary.  In  the  Pacific,  carbonate 
deposits  are  preserved  down  to  paleodepths  of 
more  than  6  km  in  the  late  Campanian  and  early 
Maastrichtian.  A  widespread  hiatus  of  only  a 
few  million  years  duration  Is  observed  at 
several  sites  from  intermediate  depths  in  the 
Pacific  in  which  carbonate  sedimentation  resumed 
in  the  early  Paleocene.  A  brief  abyssal  erosion 
event  is  suggested  by  the  presence  of  reworked 
latest  Cretaceous  and  earliest  Danian  planktonic 
foraminifera  and  nannoliths  in  middle  Danian 
carbonate  sediments  at  Site  199  (Krashenlnnikov 
aud  Hoskins,  1973;  Thiersteln  and  Okada,  in 
press) .  A  very  sharp  depression  of  carbonate 
dissolution  levels  in  the  deep  North  Atlantic, 
however,  is  observed  in  the  late  Maastrichtian 
and  earliest  Danian.  The  latest  Cretaceous 
carbonate  record  of  the  South  Atlantic  follows 
the  Pacific  pattern,  whereas  the  carbonate 
history  of  the  Indian  Ocean  resembles  that  of 
the  North  Atlantic.  These  differences  in  the 
abyssal  depositional  patterns  of  the  major  ocean 
basins  indicate  that  bottom  water  interchange 
may  still  have  been  restricted  in  the  earliest 
Tertiary  by  topographic  sills  between  North  and 
South  America  and  Africa  and  South  America. 

Topographic  restriction  of  deep  water  in  the 
Atlantic  basins  during  the  middle  Cretaceous  is 
strongly  suggested  by  the  bathymetric  distribu¬ 
tion  of  preserved  organic  carbon.  Sediments 
recovered  so  far  from  the  deep  Cretaceous  Pacific 
are  all  considerably  more  oxydized  than  those 
from  comparable  depths  in  the  Atlantic  and  Indian 
Oceans.  A  maximum  depth  of  2  km  for  the  hypothe¬ 
tical  "Panama”  barrier  is  indie.  ;d  by  the 
apparent  lack  of  exchange  of  the  oxygen-deficient 
deep  Atlantic  waters  with  these  of  the  better 
ventilated1 deep  Pacific;  A  temporary  intensifi¬ 
cation  of  a  shallow  oxygen  minimum  layer  in  the 
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Figure  20.  Distribution  of  average  carbonate 
contents  in  the  Pacific. 


middle  Cretaceous,  suggested  by  the  paleobathy- 
metric  distribution  of  organic  carbon  in  the 
Pacific  (Schlanger  and  Jenkyns,  1976)  ,  eight  be 
confirmed  by  an  analysis  of  contemporaneous 
supply  and  dissolution  rates.  The  presently 
available  data  on  the  Pacific  mid-Cretaceous 
anoxic  events  and  the  rather  imprecise 
dating  of  the  extinction  and  drowning  of 
Cretaceous  reefs  on  numerous  guyots  in  the 
western  Pacific  (Heezen  et  al. ,  1973)  do  not 
allow  to  establish  or  disclaim  any  causal 
relationship  between  the  two  events. 

The  observed  carbonate  distribution  patterns 
in  any  of  the  major  deep  ocean  basins  are  not 
readily  correlated  with  published  transgression- 
regression  cycles  (Kauffman,  1977;  W'ii  et  al., 
1977)  and  do  not  seen  to  be  due  entirely  to 
repeated  trapping  of  carbonate  on  shelves  and  in 
marginal  seas  during  transgressions. 

Deep  Water  Structure  in  the  Mesozoic  Oceans 

The  organic  carbon  end  carbonate  contents 
measured  in  over  1700  samples  from  Mesozoic  and 
early  Paleocene  sediments  show  a  strong  negative 
correlation  which  is  not  only  the  result  of 
dilution  of  organic  carbon  by  carbonate  (Figure 
22).  An  Increase  of  preserved  organic  carbon 
relative  to  the  non-ca.bonate  sediment-fraction 
indicates  either  higher  planktic  productivity, 
or  higjier  detrital  organic  carbon  supply,  or 
lowered  dilution  by  non -carbonate  detritus  or 
siliceous  skeletons.  The  concurrent  decrease  of 
carbonate  needs  to  be  explained  by  enhanced 
dissolution  or  lowered  production  or  carbonate 
tests.  Dissolution  of  carbonate  may  have 
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occurred  during  settling  through  anoxic  dees 
water  with  lowered  pH.  Such  a  mechanism  has 
been  proposed  to  account  for  the  negative 
correlation  of  organic  carbon  and  carbonate 
contents  in  late  Quaternary  anoxic  sediments 
deposited  in  isolated  stagnate  basins  (Ross  and 
Degcns,  1974;  Degens  and  Stoffers,  1976).  Dis¬ 
solution  of  carbonate  after  settling  through  an 
increase  of  carbon  dioxide  by  oxidation  (chemi¬ 
cal  or  bacterial)  of  organic  matter  appears  to 
be  indicated  by  the  occurrence  of  coccolitb 
imprints  found  in  early  Aptian  sapropelic  clays 
in  the  South  Atlantic  by  Xoel  and  Kelguen  (1978). 
Repeated  alternation  of  layers  with  well 
preserved  calcareous  tests  and  layers  with 
strongly  etched  or  completely  dissolved  cal¬ 
careous  tests  have  been  observed  in  numerous 
black  shale  sequences .from  the  deep  sea.  They 
may  reflect  changes  of  the  Jiagenetlc  chemical 
interface  between  poorly  aerated  and  completely 
anoxic  sediments  with  enhanced  carbonate 
preservation,  which  was  observed  in  recent 
sediments  of  the  Santa  Barbara  Basin  by  Berger 
and  Soutar  (1970),  and  which  has  been  linked  to 
the  thermodynamics  of  diagenetic  redox  reactions 
by  Berner  (1972).  Sholkovitz  (1973)  concluded 
that  the  diagenesis  of  carbonates  in  the  Santa 
Barbara  Basin  is  extremely  sensitive  to  small 
changes  in  the  oxygen  content  of  sea  water  in 
the  range  of  0.4  m til  to  0.1  st/t  of  Oj . 

In  contrast,  organic  carbon  contents  deposited 
below  today’s  oceanic  high  productivity  areas  are 
positively  correlated  v-ith  carbonate  contents  and 
become  oxidized  with  increasing  age  Sid  burial 
depth  (Stackelberg,  1572;  Heathy  Moore  and 
Dauphin,  1977). 
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Figure  21.  Distribution  of  average  carbonate 
contents  in  the  Indian  Ocean. 


More  detailed  information  on  the  source  of 
the  organic  material,  preservation  of  carbonate 
tests  and  accumulation  rates  of  different 
sediment  components  is  clearly  needed  for  an 
understanding  of  the  underlying  mechanisms  of 
black  rhale  deposition. 

Lithologic  cycles  have  been  observed 
frequently  in  mid  Cretaceous  black  shale 
deposits  from  the  deep  sea  (Lance]  t,  Hathaway 
and  Hollister,  1972;  Berger  and  von  Rad,  1972; 
Jansa,  Gardner  and  Dean,  197$ ;  VOave,  in 
press).  These  cycles  range  fr;  .  limestone/ 
b-ack  shale  and  limestone/marlstone  couplets, 
mainly  in  the  early  part  of  the  black  shale 
sequence,  to  black  shale/green  shale  couplers 
near  the  y  unger  end  of  the  black  shale  interval. 
Bioturbati  appears  to  t  ;  associated  with 
limestone  and  green  clays,  whereas  black  shales 
usually  are  finely  laminated  (Hollister,  Ewing 
et  al.,  1979;  Lancelot,  Scibold  et  al.,  1978). 

The  *auo?'.  for  the  occurrence  of  these  cycles 
may  be  "elated  t.  periodic  local  oxygen 
dei_.cie.icy  in  the  sediments,  intermittent  stag¬ 
nation  of  the  entire  basin  leading  to  completely 
■  toxic  deep  waters,  a  ,  later  lly  transported 
c  -jonate  (Berger  and  von  Rad,  1972;  Dean  et  al., 
1978;  Jansa,  Gardner  and  Dean,  1978;  McCave,  in 
press).  All  these  explanations  "-'quire  re¬ 
peated  rapid  changes  in  the  che'sistry  of  the 
depositional  environment.  How  could  such 
drastic  changes  come  about?  Why  are  they  nc- 
bserved  .  present-day  abyssal  environments? 

The  carbonate  distribution  in  today's  oceans 
has  been  mapped  and  studied  intens 4 vely.  Al- 
thoagn  the  kinetics  of  .carbonate  dissolution  are 
still  controversial  (Li,  Takahashi,  Broecker, 


1969;  Ingle  et  al.,  1973;  Berner  and  Morse, 

1974;  Berner,  197'.,  Broecker  and  Takahashi, 

1977),  the  effects  of  changing  supply  and  of 
various  dissolution  rate  profiles  or  oceanic 
carbonate  distribution  have  been  discussed  by 
Heath  and  Culberson  (1970),  Berger  (1971,  and 
in  press),  Berger,  Adelseck  and  Mayer  (W6), 
and  Dean  et  al.  (1978).  T.  slope  of  the 
de<  reasing  carbonate  percentages  with  depth  can 
be  explained  as  the  result  of  the  slope  of  the 
dissolution  rate  versus  depth  curve  and  the 
initial  carbonate /noncarbonate  ratio  (Fit""'* 

23).  The  loss  of  carbonate  through  solution  (L), 
if  measured  against  the  insoluble  fraction  is 
L=.100(l-Ro/R) ,  where  R0  is  the  percentage  of 
insolubles  in  the  supply,  and  R  is  the  percentage 
of  insolubles  after  dissolution.  ihe  carbonate 
versus  paleodepth  distributions  in  the  North 
Atlantic  and  Pacific  Oceans  in  the  middle 
Cretaceous  are  shown  in  Figure  24.  Compared  to 
car.onate  distribution  patterns  observed  in  the 
present  oceans  (e.g.  Berger,  Adelseck  and 
Mayer,  1976;  Broecker  and  Takahashi,  1977)  the 
middle  Cretaceous  distribution  patterns  are 
peculiar  in  their  great  variability  of  the 
measured  carbonate  contents  and  in  the  rather 
linear  decrease  of  the  maximum  values  between 
2  km  and  4.5  km  paleodepth  in  the  North  Atlantic 
and  considerablv  shallower  in  the  Pacific.  The 
maximum  carbonate  values  could  be  a  counted  for 
by  a  dissolution  rate  profile  as  shown  on  the 
right-hand  graph  in  Figure  23.  The  dissolution 
rate  below  the  1, socline  (knick-point  in 
carbonate  content  curve  (R„**  10)  at  about  3  km 
depth)  would  have  to  be  very  low  to  keep  the 
carbonate  content  decrease  linear.  This  may  be 
quite  feasible  in  a  stagnating  North  Atlantic, 
since  carbonate  preservation  under  strongly 
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Figure  22.  Organic  carbon  and  carbonate  contents  (in  percent  of  dry  bulk  weight  on  Cartesian 
coordinates)  measured  in  1766  Mesozoic  and  early  Paleocene  DSDP  sediment  samples  considered  in 
this  study  (dot  for  one  measurement,  triangle  for  two  or  more  overlying  measurements).  Dia¬ 
gonal  lines  indicate  organic  carbon  content  in  percent  of  non-carbonate  fraction  (i.e.  without 
dilution  by  carbon -te)  for  a  sample  of  given  carbonate  content. 


anoxic  conditions  may  be  exceptionally  good  and 
include  aragonite  (Berger  ai.d  Soutar,  1970; 

Jung,  1973).  In  the  Pacific,  the  highest 
carbonate  contents  may  be  explained  by  a  linear 
dissolution  rate  model  (Figure  23,  middle)  with 
a  CCD  around  2.5  ku  paleodepth.  The  low 
carbonate  values  encountered  at  relatively 
shallow  paleodepths  must  be  due  to  intermi.'tent- 
ly  decreased  supply  of  carbonate  either  by  low 
productivity,  or  very  strong  dissolution  in  the 
uppermost  few  hundred  meter'  of  the  water 
column,  similar  to  the  dissolution  of  aragonite 
today  (Berner,  1977),  or  increased  supply  of 
noncarbonate  detritus.  To  diluce  the  supply 
from  902  carbonate  to  50%  carbonate,  however, 
a  nine-fold  increase  of  the  noncarbonate  flux 
would  be  necessary,  which  seems  indeed  rather 
unlikely  (L'ean  et  al.,  1978). 


Repeated  large  changes  in  the  supply  of 
carbonate  might  be  due  to  intermittent  nutrient 
starvation  in  the  photic  zcoo.  There  is, 
however,  little  indication  of  exceptional 
environmental  stress  preserved  in  the  plankton 
assembl ages  from  the  Middle  Cretaceous ,  such  as 
monospecific  blooms,  patchyntss  of  assemblage 
distributions,  or  exceptionally  high  evolution¬ 
ary  rates.  It  appears  likely  that  oxygen 
deficiency  may  have  reached  into  rather  shallow 
depths  at  times,  thus  increasing  the  dissolution 
gradient  in  near  surface  waters  tremendously, 
which  may  be  interpreted  as  equivalent  to  a 
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decreased  supply  rate  ir  the  models  of  Figure 
23.  Dissolution  pulses  and  carbonaceous  black 
shale  deposition  are  indeed  observed  in  shallower 
environments,  such  as  the  Aptian  "marneE  bleues" 
in  southeastern  France  and  the  Mowry  shale  in 
the  Western  Interior.  Today  large  scatter  of 
carbonate  contents  is  observed  in  some  areas  in 
the  Pacific  Ocean,  where  it  has  been  attributed 
to  high  relief  by  Berger,  Adelseck  and  Mayer 
(1976).  The  occurrences  of  scattered  carbonate 
contents  and  indications  of  more  gradually 
decreasing  carbonate  contents  with  increasing 
depth  seem  to  be  located  dominantly  under  the 
subtropical  gyres  in  the  North  and  South  Pacific, 
which  are  characterized  by  low  surface  produc¬ 
tivity.  A  lowered  carbonate  productivity  in 
surface  waters  in  pre-Cenozoic  oceans, 
possibly  related  to  the  evolution  of  calcareous 
plankton,  was  inferred  from  mass-balance 
estimates  by  Southam  .and  Hay  (1977). 


Ryan  and  Cita  (1977),  using  the  Jlack  Sea 
and  the  Pleistocene  Mediterranean  as  a  model, 
suggested  increased  surface  water  run-off 
together  with  low  thermal  gradients  as  a  cause 
for  stronger  wat>-  stratification.  The 
widespread  occurrence  of  shallow  water  organisms 
considered  to  be  stenohaline  (e.g.  corals, 
rudists,  orbitolinas,  ammonites,  brydzof.is)  in 
the  Tethyan  middle  Cretaceous  indicates  that  no 
significant  freshening  of  surface  waters  may 
have  occurred.  Nevertheless  it  seems  likely 
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Figure  23.  Three  models  showing  expected  carbonate  distributions  (dashed  lines)  versus 
depth  as  a  result  of  different  dissolution  rate  profiles  (solid  lines)  for  50%  and  90% 
carbonate  supply  (R„  =  %  insolubles  of  supply).  Left:  Linear  dissolution  rate  model 
(after  Berger,  1971).  Middle:  Lysocline  model  (after  Berger,  1970a).  Right:  Middle 
Cretaceous  model.  Note  that  the  change  in  supply  has  a  much  larger  effect  on  the  depth 
of  the  CCD  in  the  linear  and  Mesozoic  models,  than  in  the  lysocline  model. 


that  an  increased  stratification  of  the  deep 
waters  was  caused  by  salinity  differences.  In 
view  of  the  fact  that  even  at  today's  large 
thermal  gradients,  the  relatively  warm  but 
saline  Mediterranean  outflow  forms  a  widely 
re  ognizable  deep  water  contributor  in  the 
Atlantic  Ocean,  topographic  isolation  of  water 
bodies  in  areas  with  high  evaporative  loss 
appears  tc  be  a  very  feasible  mechanism  to  pro¬ 
duce  high  salinity  deep  water  in  a  latitudinally 
restricted  Tethys  and  Atlantic  (Chamberlin, 

1906;  Burke,  1975;  McCoy  and  Zimmerman,  1977). 

The  distribution  of  evaporite  deposits  in  the 
Cretaceous  given  by  Lotze  (1464)  is  characterized 
by  their  proximity  to  the  ocean,  suggesting 
evaporite  formation  in  lagoonal  settings, 
possibly  behind  rudistid  reefs  (Roth,  in  press). 
The  low  solubility  of  oxygen  in  marine  brines 
(Berger,  1970b;  Kinsman  et  al.,  1974)  by  itself 
would  have  fostered  abyssal  anaerobism. 
Climatically  or  tectonically  controlled  changes 
in  the  sill  depths  of  the  lagoonal  inlets  may 
have  been  rhe  cause  of  repeated  brine  injections 
leading  temporarily  to  increased  stratification 
and  stagnation  of  deep  waters.  The  sudden  rise 
of  the  CCD  in  the  North  Atlantic  and  l.:e 
dissolution  pulse  in  the  Pacific  in  the  early 
Aptian  coincide  with  salt  deposition  in  the 
South  Atlantic.  Brine  injections  into  the 
North  Atlantic  may  have,  occurred  through 
tectonically  controlled  rift  elevations  between 
North  and  South  A.tlantic  from  the  early  Aptian 
onwards,  leading  to  repeated  anoxic  events 
(Schlanger  and  Jenkyns,  1976;  Arthur  and 
Schlanger,  in  press).  The  presence  of  Tethyan 
nannoconids  in  Aptian  sediments  in  the  South 
Atlantic  at  Sites  327A  (Wise  and  Wind,  1977), 

363,  and  364  (Protc  Decima  et  al.,  1978)  also 
indicates  the  existence  of  at-least  a  temporary 
shallow  water  connection  between  the  North  and 
South  Atlantic  in  Aptian  times.  Migration 
through  the  Atlantic  seems  necessary  because  no 


nannoconids  have  been  found  in  any  middle 
Cretaceous  samples  from  the  western  Indian 
Ocean,  South  Africa  or  the  Wharton  Basin 
(Thierstein,  1977).  Injections  of  saline,  oxy¬ 
gen-depleted  deep  waters  from  the  South  Atlantic 
into  the  North  Atlantic  over  a  deepening  sill 
might  have  continued  at  depth  beyond  the  Aptian, 
allowing  plankton  and  nekton  migration  in  the 
surface  waters  (Fc  .ter,  1978). 

A  world-wide  rl^e  of  the  CCD  of  comparable 
magnitude  and  improved  preservation  ot  organic 
carbon  is  also  observed  in  the  Miocene  (Berger, 
1972:  van  Andel  et  al.,  1977;  Ryan,  von  Rad  et 
al.,  in  press),  again  synchronous  to  the  iso¬ 
lation  of  a  low  latitude  ocean  basin,  i.e.  the 
western  Tethys,  which  started  in  the  BurcHgalian 
and  culminated  in  the  Messinian  evaporite  event 
(Berggren,  1972;  Hsu  et  al. ,  1973). 

In  the  m’ddle  Cretaceous  spills  of  highly 
saline  deep  waters  would  have  acted  as  triggers 
for  periodic  increased  deep-water  stratification 
in  an  already  sluggishly  circulating  ocean. 
Partial  oxygen  depletion  and  carbon  dioxide 
enrichment  at  intermediate  depths  leading  to 
linear  di  solution  rate  profiles,  together  with 
lowered  surface  fertility  is  suggested  for  the 
pre-  late  Cretaceous  oceans  by  the  gradual 
increase  of  organic  carbon  contents  in  the  North 
Atlantic  from  the  late  Jurassic  onwards,  as  well 
as  by  the  large  scatter  of  carbonate  contents  in 
middle  Cretaceous  sediments  of  the  Pacific  and 
North  Atlantic. 

The  dlsso'ution  rate  profiles  and  supply 
rates  in  rll  oceans  appear  to  have  stabilized  by 
the  end  of  the  Cretaceous  as  evidenced  by  the 
carbonate  versus  depth  distribution  patterns  in 
the  Nsrt'.:  Atlantic  and  Pacific  (Figure  25). 

Preli  jinary  calculations  of  accumulation  rates 
of  carbonate  in  a  number  of  DSDP  sites,  using 
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Figure  24.  Carbonate  contents  In  middle  Cretaceous  (90  -  100  m.y.)  DSDP  samples  versus  paleo- 
depth.  Dot  =  one  measurement,  triangle  =  tvo  or  more  measurements. 
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Figure  25.  Carbonate  contents  in  Maastrichtian  and  Danian  (60  -  70  m.y.)  DSDP  samples  versus 
paleodepth.  Dot  =  one  measurement,  triangle  «=  two  or  more  measurements. 
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nannofossi.  biostratigraphy  as  time  control,  show 
that  the  rates  in  the  late  Cretaceous  central 
Pacific  were  at  least  twice  as  high  as  those  in 
the  Atlantic.  This  factor  must  be  a  minimum 
estimate,  since  the  carbonate  preservation  at 
comparable  paleodepths  in  the  Atlantic  cores  is 
far  superior  to  that  in  the  Pacific  cores.  It 
is  evident  that  the  next  step  in  our  struggle  to 
understand  the  sedimentation  processes  in  the 
Mesozoic  deep  oceans  will  have  to  come  through 
an  improvement  of  the  chronostratigraphic 
control  —  only  then  will  we  be  able  to  trans¬ 
form  measured  concentrations  into  the  paleoceano- 
graphic  Rosetta  stone  of  accumulation-  and 
dissolution  rates. 
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Abstract.  The  Atlantic  is  the  only  ocean  con¬ 
necting  both  polar  hydrospheres.  Its  edges  con¬ 
sist  almost  entirely  of  passive  continental  mar¬ 
gins  of  the  American  and  Eurafrican  land  masses, 
but  they  are  interrupted  by  the  tectonically  un¬ 
stable  regions  of  the  Caribbean  and  Mediterrane¬ 
an  Seas  which  trace  the  ancient  mobile  circum- 
equatorial  Tethys  belt.  The  opening  and  evo¬ 
lution  of  the  Atlantic  during  the  last  160-180 
oyrs  had  profound  consequences  both  for  the 
paleo-oceanography  of  the  world  ocean  and  for 
the  geology  of  the  adjacent  continents  where 
vast  basins  developed.  The  dominant  portion 
of  the  global  land  area  drain  today  therefore 
directly  or  indirectly  into  the  Atlantic  Ocean. 
The  main  North  Atlantic  basin  was  part  of  the 
circum-equatorial  Tethys  Ocean  from  its  early 
mid- Jurassic  formation  until  the  late  Creta¬ 
ceous  when  the  South  Atlantic  with  its  connec¬ 
tion  to  the  Southern  Ocean  opened  wide  enough 
to  allow  the  exchange  of  surface  and  deep  water 
masses.  The  opening  of  the  Norwegian- Greenland 
Sea  during  late  Paleocene  and  early  Eocene 
created  a  pathway  for  the  exchange  of  water 
between  the  Arctic  and  North  Atlantic  Oceans. 

The  subsidence  of  the  main  platform  of  the  aseis- 
mic  Iceland-Faeroe  Ridge  with  a  deep  channel 
at  its  southeastern  end  during  middle  Miocene 
allowed  deep  water  from  the  Norwegian-Greenland 
Sea  to  enter  the  main  North  Atlantic  basin. 

The  stepwise  evolution  of  the  ocean  basin  in¬ 
cluding  the  history  and  final  closure  of  the 
circum-equatorial  seaway  .during  the  late  Terti¬ 
ary,  the  waxing  and  waning  of  epicontinental 
seas  and  marginal  basins,  and  the  evolution  of 
the  paleoclimate,  had  a  dominating  influence  on 
the  paleo-oceanography  and  thereafter  on  the 
pelagic  lithofacies  through  time.  The  spatial 
and  temporal  distribution  of  pelagic  sediments 
display  a  zonation  and  a  latitudinal  asyninetry 
which  were  more  intense  during  times  of  steep 
paleoclimatic  and  paleo-oceanographic  gradients 
than  in  periods  of  relatively  iraiform  and  less 
intensively  zoned  atmosphere  artdsurface  water 
masses.  Both  the  North  and  the  South  Atlantic 
oceans  are  subdivided  into  smaller  basins  due  to 


the  presence  of  the  mid-ocean  ridge  and  the  de¬ 
velopment  of  large  aseismic  structural  highs. 
Sediments  from  the  flanks  of  the  Iceland- 
Faeroe  Ridge  (as  well  as  from  the  Rio  Grande 
Rise  and  Walvis  Ridge)  also  allow  a  descrip¬ 
tion  of  the  paleo-oceanography  of  the  interme¬ 
diate  water  masses  of  the  adjacent  ocean  basins. 
They  reveal  evidence  of  subsidence  and  allow  re¬ 
construction  of  the  evolution  of  deep  channels 
which  intersect  these  barriers  and  which  have 
acted  as  passages  for  the  deep  water  circulation 
during  the  geologic  past. 

Introduction 

The  Atlantic  Ocean  is  a  latitudinal  ocean  ba¬ 
sin  connecting  the  polar  regions  of  both  the 
northern  and  southern  hemispheres.  This  was  not 
always  so.  Information  collected  by  the  Deep 
Sea  Drilling  Project  over  the  past  10  years 
has  allowed  us  to  draw  a  detailed  picture  of  the 
paleogeographic  and  paleobathymetric  evolution 
of  this  ocean.  We  can  also  see  how  the  deposi- 
tional  environment  reacted  to  changes  in  physio¬ 
graphy,  although  many  details  cannot  be  resolved 
at  present  because  some  of  the  pertinent  data 
are  not  available.  Sedimentation  in  the  Atlan¬ 
tic  Ocean  is  controlled  by  a  complicated  net¬ 
work  of  boundary  conditions  because  this  latitu¬ 
dinal  ocean  basin  crosses  all  climatic  zones  of 
the  modern  world  as  it  has  probably  done  through¬ 
out  its  geologic  past. 

This  paper  will  emphasize  the  North  Atlantic 
Ocean,  which  today  is  probably  the  best  studied 
part  of  the  world  ocean.  It  is  also  a  very 
complex  part  of  the  world  ocean.  It  is  com¬ 
posed  of  various  basins  which,  with  the  excep¬ 
tion  of  the  Caribbean  and  possibly  the  southern 
Bay  of  Biscay,  are  surrounded  by  passive  conti¬ 
nental  margins.  The  North  Atlantic  includes 
some  of  the  world's  oldest  crust  of  the  present 
ocean  basins  (Hayes  and  Rabinowitz,  1975, 
Rabinowitz,  1974).  Shortly  after  the  initial 
opening  during  the  mid-Jurassic,  its  main  basin 
became  part  of  the  circum-equatorial  Tethys 
Ocean,  which  had  an  important  impact  on  the  North 
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Atlantic  paleo-environment  throughout  the  Meso¬ 
zoic  (Bernoulli,  1972).  The  opening  of  the 
.Norwegian-Green land  Sea  during  the  Cenozoic 
(Talwani  and  Eldholm,  1977)  created  the  first 
deep  connection  between  the  Arctic  Ocean  and 
the  main  North  Atlantic  basins.  The  generation 
of  a  latitudinal  ocean  had  profound  conse¬ 
quences  for  the  water  mass  structure  of  the 
entire  Atlantic  basin;  this  can  be  seen  from 
the  distribution  of  the  North  Atlantic  Deep 
Water,  which  can  be  traced  from  the  Norvegian- 
Greenland  Sea  throughout  the  entire  Atlantic 
(Wust,  1935).  I  will  combine  geologic  and  geo¬ 
physical  data  to  reconstruct  the  origin  and  phy¬ 
siographic  evolution  of  this  important  ocean 
basin,  and  subsequently  show  how  changes  in  the 
physiography  of  the  North  Atlantic  and  in  the 
paleoenvironment  result  in  depositional  regimes 
which  are  different  from  basir.  to  basin. 

Tectonic  and  physiographic  evolution  of  the 
North  Atlantic 

The  North  and  South  Atlantic  oceans  have  a 
Mesozoic  and  Cenozoic  history,  but  originated 
from  rifting  in  cratonic  regions  of  widely  dif¬ 
ferent  character  (Bearlcn,  1974) .  The  South 
Atlantic  and  the  southern  North  Atlantic  sepa¬ 
rated  old  shield  areas  of  western  Africa  and 
eastern  South  America  during  Jurassic  and  Cre¬ 
taceous  times  by  cutting  across  largely  Pre- 
cambrian  fold  belts  (Martin,  1976).  The  North 
Atlantic  cut  through  mobile  belts  of  Paleozoic 
and  Mesozoic  to  Cenozoic  age  (Fitch  et  al., 

1974) .  It  presently  consists  of  a  complex  as¬ 
semblage  of  basins  underlain  by  oceanic  crust 
which  started  to  develop  between  the  Jurassic 
and  Paleogene  (Hayes  3nd  Rabinowitz,  1975, 

Vogt  et  al,,  1971,  Vogt  and  Einwich,  1978)  and 
which  followed  belts  of  structural  weakness 
along  parts  of  the  Caledonian,  Variscan  and 
Alpine  (Bay  of  Biscay)  mountain  chains  :gure 
1).  The  central  North  Atlantic  split  parts  of 
the  Variscan  and  Caledonian  orogenes  and  the 
Norwegian-Greenland  Sea  split  i  -.ly  parts  of 
the  Caledonian  orogene.  Remnants  of  these  Pa¬ 
leozoic  mountain  chains  are  found  on  either 
side  of  the  North  Atlantic  (Dewey,  1974) ,  but 
in  many  areas  these  ancient  mobile  belts  have 
been  divided  asymmetrically. 

Mag  letic  anomalies  in  the  South  Atlantic  pro¬ 
vide  evidence  of  the  evolution  of  an  ocean  basin 
due  to  sea  floor  spreading  of  a  two-plate  system. 
Its  mid-ocean  ridge,  which  is  offset  by  many 
transform  faults  in  the  equatorial  Atlantic  con¬ 
tinues  into  the  North  Atlantic  Ocean.  However, 
the  pattern  of  spreading  north  of  Gibraltar  on 
the  eastern  side  and  north  of  the  northern  tip 
of  South  America  on  the  western  side  is  much 
more  complicated  than  that  in  the  South  Atlan¬ 
tic.  In  the  North  Atlantic  the  tectonic  system 
is  composed  of  a  variable  number  of  plates  and 
spreading  axes  which  cut  the  early  Mesozoic 
Laurasian  continent  (Dietz  and  Holden,  1970) 
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into  a  complex  jigsaw  puzzle.  This  complexity 
made  it  extremely  difficult  to  reconstruct  the 
outline  of  the  original  rift  through  Laurasia 
and  to  reassemble  it  into  a  single  piece  of 
continental  crust  (Le  Pichon  et  al.,  1977). 

The  crust  below  the  North  Atlantic  and  the 
surrounding  continents  belongs  to  a  number  of 
different  plates  which  have  a  complex  rela¬ 
tionship  to  each  other  and  whose  spatial  ar¬ 
rangement  has  changed  several  times  during  the 
past  150  yrs. 

The  opening  of  the  North  and  South  Atlantic 
oceans  had  profound  consequences  for  the  geolo¬ 
gy  of  the  surrounding  land  masses  of  the  Amer- 
can,  African,  and  European  continents.  The 
large  basins  which  today  drain  the  dominant 
portion  of  all  continental  areas  directly  or 
indirectly  into  the  Atlantic  Ocean,  did  not 
exist  before  this  ocean  had  evolved.  The 
present  drainage  patterns  on  these  land  masses 
may  well  be  the  indirect  result  of  the  exten- 
sional  plate  movements  along  the  rifting  and 
spreading  axes  (dominantly  latitudinal  structu¬ 
ral  elements)  or  of  compressional  tectonic 
movements  along  the  ancient  mobile  Tethys  belt 
(dominantly  longitudinal  structural  elements) . 

Important  structural  highs  subdivide  the 
eastern  and  western  basins  in  both  the  South 
and  North  Atlantic  oceans.  The  Walvis  Ridge 
and  Rio  Grande  Rise  separate  the  Argentine  and 
Cape  basins  from  the  Brazil  and  Angola  basins, 
and  have  controlled  the  exchange  of  bottom  as 
well  as  surface  water  masses  between  these 
basins  since  late  Mesozoic  time  when  they  were 
large  subaerial  volcanic  massifs  (Thiede,  1977). 
The  Iceland-Faeroe  Ridge  covers  the  most  impor¬ 
tant  portion  of  a  structural  high  which  sepa¬ 
rates  the  Cenozoic  Norwegian-Greenland  Sea  from 
the  Mesozoic  North  Atlantic  basin. 


The  physiographic-tectonic  events  in  the  evo¬ 
lution  of  the  North  Atlantic  are  discussed  only 
insofar  as  they  are  pertinent  to  Mesozoic  and 
Cenozoic  paleo-oceanography.  In  this  context, 

I  analyze  the  events  which  established  the 
physiographic  framework  for  the  hydrographic 
regime  of  the  entire  ocean,  describe  major 
epicoutinental  seas  around  it,  discuss  the 
opening  and  closure  of  pathways  for  surface 
and  deep  water  circulation,  and  point  out 
important  remaining  problems  of  paleogeography 
and  paleobathymetry.  Three  types  of  data  are 
used  to  reconstruct  trends  of  the  physiographic 
evolution  of  the  North  Atlantic.  They  are 
1)  the  linear  magnetic  anomalies  which  are  com¬ 
monly  observed  in  regions  underlain  by  oceanic 
crust  (Figure  2),  2)  the  depth  vs.  age  relation¬ 
ship  of  the  ocean  floor  based  on  the  information 
of  the  sites  ot  the  Deep  Sea  Drilling  Project 
(Figure  3),  and  3)  the  extent  of  the  epiconti¬ 
nental  seas  on  the  adjacent  continents.  With 


Oligocone  and  present  times  (after  Sclater  ot  al.,  1977,  Beurlon,  1974,  Fitch  et  al.,  1974).  The  pairs  of  maps 
sketch  the  arrangement  of  plates  with  their  accreting  and  transform  margins,  and  the  locations  of  remains  of 
Paleozoic  and  Mesozoic-Cenozoic  ancient  mobile  belts. 


Figure  3.  Distribution  of  Deep-Sea  Drilling  Project  sites  in  the  North  Atlantic 
and  its  carginal  ocean  basins.  Coopiled  after  tfc  Initial  Reports  of  the  Deep-Sea 
Drilling  Project  and  the  "Geotires”  cruise  reports. 
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respect  to  plate  rotations  and  paleobathymetry 
of  the  ocean  basins  proper,  the  data  published 
by  Sclater  et  al.  (1977)  have  been  used.  The 
time  scales  of  van  Hince  (1976,  a  and  b)  have 
been  accepted  for  the  Mesozoic  ages,  and  those 
of  Berggren  (1972)  for  the  Cenozoic  ages. 

The  distribution  of  linear  magnetic  anomalies 
and  their  correlation  to  an  absolute  time  scale 
allow  a  reconstruction  of  the  horizontal  compo¬ 
nent  of  the  growth  of  the  parts  of  the  basins 
the-  are  underlain  by  oceanic  crust.  The  magne¬ 
tic  anomalies  (Figure  2)  have  been  mapped  over 
major  parts  of  the  North  Atlantic  (Pitman  and 
Taiwan!,  1972,  Laughton,  1975),  although  details 
of  their  correlations  are  disputed  in  many  re¬ 
gions.  The  data  illustrated  in  Figure  2  have 
been  pieced  together  from  several  sources. 
Jurassic  magnetic  anomalies  (Hayes  and 
Rabinowitz,  1975,  Rabinowitz,  1974)  indicate 
that  the  oldest  North  Atlantic  basins  should  be 
sought  along  the  northwestern  African  and  south¬ 
eastern  Kortli  American  continental  margins.  The 
oldest  magnetic  anomalies  between  Ireland  and 
Newfoundland  (Kristoffcrsen,  1978,  Cande  and 
Kristoffersen,  1977)  and  in  the  Bay  of  Biscay 
(Sibuet  et  al.,  1978,  Williams,  1975,  Williams 
and  McKenzie,  1971)  are  of  Late  Cretaceous  age. 
The  Labrador  Sea  began  to  open  during  the  late 
Cretaceous,  but  concluded  its  evolution  during 
the  early  Tertiary  (Kristoffersen  and  Talwani, 
1977,  Srivastava,  1978).  Rockall  Placeau,  which 
represents  a  small  piece  of  continental  crust 
and  which  is  probably  surrounded  by  ocean  floor 
(Roberts,  1975),  is  situated  close  to  the 
Iceland-Faeroe  Ridge,  whose  age  structure  has 
yet  to  be  resolved  in  sufficient  detail  (Talwani 
and  Udintsev.  1976).  The  first  rift  in  the 
Norwegian-Green land  Sea  did  not  appear  before 
Paleocene  (Talwani  and  Eldholm,  1977);  the  repe¬ 
tition  of  the  Magnetic  anomaly  pattern  north  and 
northeast  of  the  Iceland-Faeroe  Ridge  suggests 
jumping  of  the  Tertiary  spreading  center. 

The  subsidence  of  oceanic  crust  with  time  as 
a  consequence  of  its  thermal  history  provides 
the  vertical  component  of  the  physiographic 
evolution  of  an  ocean  basin  (Sclater  et  al., 
1971).  This  concept  of  subsidence  has  been  de¬ 
veloped  in  the  Pacific  where  in  many  areas  only 
a  thin  veneer  of  sediments  overlies  the  oceanic 
basement.  In  the  Atlantic  Ocean,  however,  be¬ 
cause  of  the  weight  of  thick  sediments,  correc¬ 
tions  for  the  isostatic  response  (Ewing  et  al., 
1973)  have  to  be  carried  out  individually  for 
the  single  site  which  was  occupied  by  the  Beep 
Sea  Project  (Figure  3)  and  where  age  and  depth 
of  basement  are  approximately  known. 

According  to  the  model  of  Sclater  et  al. 

(1971)  spreading  centers  are  situated  approxi¬ 
mately  2.7  km  below  the  sea  surface.  Ocean  crust 
subsides  about  1  km  during  the  first  10  myrs 
after  its  formation,  another  kilometer  during 
the  next  30  myrs,  and  an  additional  kilometer 
during  the  following  40-50  myrs.  Subsidence 
also  continues  afterwards,  although  at  a  reduced 
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pace.  This  process  has  a  controlling  influence 
on  the  shape  of  the  ocean  basin,  because  young 
regions,  with  certain  unique  exceptions  such  as 
in  the  Arctic  Ocean  (Vogt  and  Avery,  1974  a), 
ore  considerably  shallower  than  old  ones.  It 
also  explains  the  position  of  the  Atlantic 
Ocean's  deep  basins  along  the  continental  rises 
where  the  oldest  oceanic  crust  has  been  preser¬ 
ved.  Under  ideal  conditions  this  process  would 
lead  to  a  rather  simple  morphology  of  the  ocean 
basins.  The  deep  eastern  and  western  North 
Atlantic  basins  are  therefore  subdivided  by  a 
relatively  shallow  mid-Atlantic  Ridge.  Bottom 
water  exchange  between  these  basins  is  largely 
confined  to  regions  where  the  continuity  of  this 
ridge  system  ir  interrupted  due  to  the  presence 
of  deep  channels  along  fracture  zones,  for 
example  along  the  Charlie-Gibbs  Fracture  Zone 
in  the  North  Atlantic  (Uchupi,  1971).  Vertical 
tectonic  movements,  however,  are  believed  to 
affect  the  oceanic  crust  close  to  fracture  zones 
in  a  hitherto  poorly  understood  manner  (Bonatti, 

1973)  so  that  it  is  inpossible  to  reconstruct 
the  physiographic  evolution  of  such  areas  quanti¬ 
tatively. 

Fracture  zones  also  can  be  traced  as  narrow 
elongate  morphologic  irregularities  of  the  sea¬ 
floor  across  the  basins.  Seamount  chains  along 
fracture  zones  usually  contain  wide  and  deep  gaps 
between  the  single  seamounts,  but  they  have  grown 
into  a  massive  transverse  ridge  along  an  old 
plate  boundary  oft  Gibraltar  (Laugbtrn  and 
Whitmarsh,  1974).  This  ridge  prevents  Arctic 
polar  bottom  water  from  flowing  from  the  Tagus 
Abyssal  Plain  into  the  deeo  basins  of  the  south¬ 
eastern  North  Atlantic  Ocean  (Vust,  1935). 

Parts  of  the  Green! and-Scot land  Ridge  (Bott, 

1974)  presently  control  the  water  exchange  be¬ 
tween  the  Norwtgian-Creenland  Sea  and  the  main 
North  Atlantic  basin  (Vogt,  1972).  It  probably 
prevented  this  water  exchange  almost  entirely 
during  Paleogene  times  because  it  can  be  shown 
that  aseismic  ridges  subside  in  a  fashion  simi¬ 
lar  to  the  surrounding  oceanic  crust  (Betrick  et 
al.,  1977)  after  the  volcanic  activity  giving 
rise  to  these  structural  highs  has  ceased  and 
after  they  have  reached  isostatic  equilibrium 
with  the  surrounding  oceanic  crust.  The 
Iceland-Faeroe  Ridge  has  probably  impeded  the 
circulation  of  surface  water  during  time;  of  low 
eustatic  sea  levels  because  of  its  shallow  main 
platform  rises  to  400-600  m  water  depth.  The 
only  passage  is  a  narrow  800-900  n  deep  channel 
southeast  and  south  of  the  Faeroe  Islands. 

Talwani  et  al .  (1976  a)  have  documented  the  vol¬ 
canic  origin  of  the  Iceland-Faeroe  Ridge  from 
basalts  encountered  under  late  Eocene  sediments 
at  Site  336.  A  volcanic  origin  h?d  been  pre¬ 
sumed  for  many  years  and  this  aseismis  ridge  bad 
therefore  been  believed  to  be  part  of  the 
Thulean  basalt  province  that  stretches  from 
Baffin  Island  to  the  Fehnoscandian  border  zone 
and  whose  origin  had  been  linked  to  the  existence 
of  a  hot  spot  since  the  Jurassic  (Vogt,  1974). 


The  Iceland-Faeroe  Ridge  links  the  volcanic  rocks 
of  Iceland,  which  are  middle  Miocene  to  Recent 
in  age  (Piper,  1973),  with  the  Faeroe  Islands, 
which  were  built  by  early  Tertiary  subaerial 
basaltic  volcanism  (Noe-Nygaard,  1974).  lhe 
Faeroe  Islands,  however,  are  situated  to  the 
northeast  of  Rockall,  and  this  had  led  to  con¬ 
siderable  discussion  concerning  their  continental 
or  oceanic  origin  (Bott,  1974).  At  Site  336 
northwest  of  the  Faeroe  Islands,  basaltic  rocks 
have  been  obtained  with  compositions  resembling 
mid-ocean  ridge  tholeiites  (Talwani  et  al.,+ 

1976  a).  Their  age  has  been  dated  as  43.4  -  3.3 
myrs  B.  P.,  which  corresponds  to  the  late  Eocene 
red  clayey  soil  overlying  them  (Nilsen,  1978). 

The  subsidence  of  this  site  (Thiede,  1978) 
suggests  that  it  sank  below  sea  level  during  the 
late  Eocene,  that  it  crossed  a  neritic  environ¬ 
ment  during  the  Oligocene  and  that  it  did  not 
reach  water  depths  of  around  1000  m  before  the 
Plio-Pleistocene. 

The  subsidence  of  an  elongate  aseismic  ridge 
can  only  be  described  completely  through  a  whole 
family  of  different  subsidence  curves  whose  length 
and  shape  is  dependent  upon  the  age  of  the  under¬ 
lying  ocernic  crust.  This  age  cannot  be  asses¬ 
sed  properly  at  the  present  time  because  of  the 
complicated  and  in  part  unresolved  spreading 
history  of  the  ocean  basins  north  and  south  of 
the  Iceland-Faeroe  Ridge  (Talwani  and  Eldholm, 
1977).  However,  from  the  subsidence  of  Site 
336,  which  is  situated  on  the  north  flank  of 
this  structural  high,  it  can  be  deduced  that  the 
main  ridge  platform,  which  towers  some  400-600  m 
above  the  basement  at  Site  336  did  not  sink 
below  sea  level  before  middle  Miocene.  The  last 
peaks,  which  lie  almost  1  km  above  the  basement 
at  this  site,  did  not  submerge  before  the 
Pliocene.  Thus,  results  from  Site  336  support 
the  idea  of  a  large  subaerial  aseismic  ridge  of 
volcanic  origin  separating  the  Norwegian- 
Greenland  Sea  from  the  main  North  Atlantic  for  a 
long  period  during  early  and  late  Cenozoic.  A 
primordial  Iceland  must  have  existed  at  least 
twice  as  long  as  had  been  previously  assumed 
(Laughton,  197S,  Talwani  and  Eldholm,  1977). 

The  idea  first  postulated  at  the  beginning  of 
this  century  of  a  Tertiary  land  bridge  between 
North  America  and  Europe  (Strauch,  1970;  McKenna, 
1972)  can  therefore  be  revived  (Eldholm  and 
Thiede,  1978). 

The  Yermak  Plateau-north  of  Svalbard  and  the 
Morris  Jessup  Rise  north  of  Greenland  which  have 
separated  from  each  other  as  a  result  of  late 
Tertiary  spreading  along  Gakkel  Ridge,  might 
have  controlled  the  water  exchange  between  the 
Arctic  Ocean  and  the  Nor weg ian-Greenland  Sea . 

Both  features  rise  to  approximately  500  m  water 
depth  (Herman,  1974  a)  andsboth  are-;situated  adr 
jacent  to  the  oldest 'Cenozoic  oceanic-crust  of 
the  Eurasian  Basin  of 'the  Arctic  Ocean.  Although 
they  havenever  beensampled  ithasbeen  sug¬ 
gested  (Le  Pichon.et.alv,  1977 )v thatthey --  contain 
oceahic  sfeatures  which  'Subsided. :ihga»;fashion 


similar  to  other  aseismic  ridges  (Detrick  et  al., 
1977). 

The  North  Atlantic  also  includes  a  fair  number 
of  microcontinents  (Orphan  Knoll,  Flemish  Cap, 
Galacia  Lank,  Rockall  F" iteau,  Jan  Mayen  Ridge). 

As  can  be  shown  by  means  of  benthic  fossil  assem¬ 
blages  sampled  at  their  flanks  (Berggren,  1974), 
these  fragments  of  continental  crust  have  under¬ 
gone  considerable  subsidence  since  their  separa¬ 
tion  from  the  continents  on  either  side  of  the 
North  Atlantic.  It  has  been  impossible  to  recon¬ 
struct  detailed  histories  of  their  subsidence 
because  of  the  lack  of  suitable  data.  However, 
because  of  their  generally  small  size  it  can  be 
assumed  that  they  are  of  minor  importance  for 
the  reconstruction  of  the  physiography  of  the 
North  Atlantic,  with  the  possible  exception 
during  its  rifting  stage. 

Passive  continental  margins  undergo  vertical 
tectonic  movements  during  their  evolution  from 
the  boundary  of  a  juvenile  rift  to  that  of  a 
mature  ocean  basin  (Curray,  1978).  Although  it 
is  clear  from  the  establishment  of  the  present 
drainage  pattern  around  the  Atlantic  that  its 
continental  margins  have  undergone  considerable 
subsidence,  a  generally  applicable  model  which 
would  explain  this  subsidence,  quantitatively 
has  yet  to  be  found  (Watts  and  Ryan,  1976) . 

The  depth  contours  along  the  continental  margins, 
except  the  coast  lines  as  shewn  on  the  paleogeo- 
graphic  reconstructions  of  the  North  Atlantic 
(Figures  4  a  and  b) ,  therefore  must  be  viewed 
with  some  caution  because  they  largely  represent 
the  depth  contours  of  the  modern  continental 
margins. 

The  present  coastline,  seen  on  the  "Recent" 
map  (Figure  4  b)  as  a  stippled  line,  is  also 
given  as  a  reference  on  the  maps  illustrating 
the  older  time  slices.  The  fossil  coastlines 
have  been  added  to  mark  the  outline  of  the 
paleophysiography  of  the  North  Atlantic  Ocean. 

The  bulk  of  the  paleogeographic  information 
published  about  this  region  has  been  averaged 
over  long  intervals  (in  general  over  whole 
epochs,  such  as  Paleocene,  Eocene,  etc.)  because 
inadequate  stratigraphic  information  resulted 
in  a  reduced  regional  resolution.  The  most 
complete  source  of  information  for  the  Caribbean 
region,  the  Gulf  of  Mexico,  northern  South 
America  and  North  America;  including  its 
northern  continental  margins  with  the  Canadian 
Arctic  islands  and  Greenland,  is  found  in  Cook 
and  Bally  (1975).  The  questionable  paleodepth 
information  available  from  many  of  the  conti¬ 
nental  margins  and  from  the  epicontinental  seas 
around  the  North  Atlantic  during  the  Mesozoic  and 
Cenozoic  has  resulted  in  only  the  former  coast¬ 
line,  the  2  and  4  km  contours  being  marked  on 
the  historic  time  slices  (Figures  4  a  and  b) . 

The  physiography  of  the  Mesozoic  and  Cenozoic 
North  Atlantic  is  shown  in  12  time  slices 
spanning  the  time  interval  from  Jurassic  to 
■Recent.  (Figures  4  a  and  b) .  Its  evolution  has 
gone  through  a  number  of  specific  settings  and 
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Figure  4  b 


events  which  control  the  hydrographic  regime  of 
the  ancient  North  Atlantic  Ocean  (Table  1). 

The  earliest  steps  of  this  development  are  still 
hidden  deeply  beneath  the  continental  margins 
because  it  is  not  clear  precisely  where  the 
boundary  between  oceanic  and  continental  base¬ 
ment  is  situated,  nor  when  the  oldest  oceanic 
crust  was  formed  (Hayes  and  Rabinowitz,  1975). 


The  oldest  part  of  the  main  North  Atlantic 
basin  opened  during  the  middle  and  late 
Jurassic.  The  earliest  stages  of  the  North 
Atlantic  during  the  mid-Jurassic  are  not  well 
understood  (Manspeizer  et  al.,  1978),  and  the 
age  and  nature  of  basement  under  the  Gulf  of 
Mexico  are  unknown  (Martin  and  Case,  1975). 
Evaporitic  lithofacies  in  central  America,  and 
along  the  western  African  and  northwestern 
American  continental  margins,  point  to  the 
existence  of  troughs  that  were  isolated  from 
the  world  ocean  by  important  sills,  and  that 
were  probably  fed  with  salt  water  from  the 
Pacific  and  Tethys  (Burke,  1975).  The  timing 
of  salt  deposition  off  western  Africa  and  North 
America  is  particularly  difficult  to  determine, 
but  it  seems  to  be  of  early,  or  possibly  middle 
Jurassic  age  (Lehner  and  de  Ruiter,  1977,  Keen, 
1974).  Western  Europe  was  covered  during  that 
time  by  a  complicated  network  of  land  areas  and 
epicontinental  seas  (Hallam,  1971,  Ziegler, 

1975  and  1977).  Our  knowledge  of  seaways 
between  Scandinavia  and  Greenland  and  the  Bri¬ 
tish  Isles-western  Europe  and  southwestern 
Greenland-northwestern  North  America  is  patchy 
at  best  (Hallam,  1971).  Sublittoral  sediments 
of  Jurassic  age  in  eastern  Greenland  suggest  a 
transgression  from  the  south  (Birkelund  et  al., 
1974). 

During  the  Tithonian  (approximately  140  myrs 
ago)  a  small  deep  basin  had  developed  in  the 
North  Atlantic.  It  was  not  part  of  a  latitudi¬ 
nal  ocean  basin  but  rather  part  of  a  circum- 
equatorial  seaway  which  consisted  of  the  Pacific, 
Caribbean,  the  North  Atlantic/the  Tethys 
(Biju-Duval  et  al.,  1977).  To  the  north  this 
ocean  was  attached  to  the  epicontinental  seas 
which  extended  across  central  and  eastern 
Europe.  This  configuration  existed  essentially 
throughout  the  following  30  myrs.  The  sedi¬ 
ments  which  were  deposited  during  this  early 
stage  of  the  North  Atlantic  resemble 
Mediterranean  (=Tethysn)  Mesozoic  lithofacies 
(Bernoulli,  1972). 

Throughout  the  early  Cretaceous  the  North 
Atlantic  basin  was  continuously  widening  and 
deepening,  and  a  clearly  defined  mid-ocean 
ridge  is  believed  to  have -separated  a  north¬ 
western  and  southeastern  deep  basin.  A  narrow 
gulf  apparently  existed  between  the  continental 
margins  of  northwestern  South  America  and 
western  Africa.  After  the  connection  to  the 
southern  South  Atlantic  had  broken  through 
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during  the  mid-Cretaceous  (van  Andel  et  al., 

1977,  Ponte  and  Asmus,  1978)  the  North  Atlantic 
became  part  of  a  north-south  trending  ocean 
basin  which  was  connected  to  the  Pacific  and 
Tethys  realms,  but  which  was  virtually  closed 
on  the  north  because  the  Norwegian-Greeniand 
Sea  had  yet  to  open,  with  the  possible  excep¬ 
tion  of  a  narrow  and  shallow  epicontinental 
seaway  (Dalland,  1975,  Harland,  1969,  Frebold, 
1930).  Oceanographically  the  mid-  to  late 
Cretaceous  North  Atlantic  might  have  resembled 
today's  northern  Indian  Ocean  with  its  charac¬ 
teristic  mid-water  oxygen  minimum. 

A  shallow  and  narrow  seaway  connected  the 
North  and  South  Atlantic  oceans  during  Aptian 
(110  myrs  ago)  times  (Ponte  and  Asmus,  1978). 
Restricted  depositional  environments  in  the 
Atlantic  during  this  interval  suggest  the  pre¬ 
sence  of  important  obstacles  for  the  free 
bottom  water  exchange  between  the  Southern 
Ocean  and  the  South  Atlantic  as  well  as  between 
the  North  and  South  Atlantic  oceans.  However, 
the  restricted  depositional  environments  during 
this  part  of  the  Cretaceous  are  not  just  an 
Atlantic  phenomenon,  but  appear  to  be  global 
(Schlanger  and  Jenkyns,  1976),  and  they  seem  to 
be  due  to  large  scale  climate  fluctuations  on 
our  globe  (Fischer  and  Arthur,  1977)  rather 
than  to  a  specific  physiographic  tectonic  set¬ 
ting.  Albian  ammonite  faunas  on  Svalbard 
(Nagy, 1970)  suggest  close  affinities  with  those 
of  western  Europe,  northern  North  America  and 
eastern  Greenland  which  were  probably  connected 
by  shallow  epicontinental  seas. 

During  the  time  span  from  Aptian  to 
Cenomanian  (approximately  95  myrs  ago)  the 
paleogeography  of  the  North  Atlantic  underwent 
major  changes  when  transgressions  flooded  large 
->arts  of  the  adjacent  continents,  and  when  new 
sways  across  continental  regions  created  path¬ 
's  for  faunal  migrations  (Schott,  1967).  By 
,is  time  the  wide  and  deep  North  Atlantic  basin 
was  slowly  extending  further  to  the  north,  the 
South  Atlantic  was  widening,  and  deep  troughs 
appeared  between  western  Africa  and  South 
America.  During  Santonian  (approximately  80 
myrs  ago)  a  deep  water  connection  between  the 
South  and  North  Atlantic  had  been  firmly  estab¬ 
lished  (vac.  Andel  et  al.,1977).  Despite  this 
deep  water  connection  sediments  indicative  of 
restricted  depositional  environments  during  this 
time  span  have  been  found  along  South  Atlantic 
continental  margins  and  flanks  of  aseismic  rid¬ 
ges  (Thiede  and  van  Andel,  1977).  A  trans- 
Saharan  sea  connected  the  northern  South 
Atlantic  to  the  Tethys  realm  (Machens,  1973). 
Wide  areas  of  Europe  and 'North  America. were 
flooded  by  shallow  seas,  and  marine  sediuents 
in  western  Greenland. (Birkelund ,  1965. 
Rosenkrantz  and  Pulvertaft,  1969,  Noe-Nygaardj 
1974)  suggest  the  existence  of  a  narrow  seaway 
bypassing  Greenland.  However,  it  remains  to  be 
/seen  how  and  where  this  seaway  connected  to  the 
North  Atlantic  and  to-theahcient  Arctic' basin 
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across  the  North  American  continent  (Williams 
and  Stelck,  1975).  One  possible  connection 
existed  through  the  Labrador  Sea  and  Baffin  Bay 
which  had  begun  to  open  (Keen  et  al.,  1972). 

Physiography  of  the  Cenozoic  North  Atlantic 

Ac  the  end  of  the  Mesozoic  Era  the  North 
Atlantic  comprised  an  ocean  basin  which  was 
several  thousand  kilometers  wide.  The  flcor  of 
the  eastern  and  western  basins  had  subsided  to 
more  than  5  km  water  depth  (Sclater  et  al., 
1977).  A  deep  water  connection  no  the  South 
Atlantic  had  probably  been  established  during 
late  Cretaceous  times,  70-80  myrs  ago  (van  Andel 
et  al.,  1977).  During  that  time  an  opening  in 
the  east  and  west  to  a  circum-equatorial  seaway 
also  existed  (Laubscher  and  Bernoulli,  1977, 
Donelly,  1975).  However,  the  temporal  and 
spatial  history  of  these  openings,  especially 
their  width  and  water  depth,  and  the  impact  of 
the  addition  of  the  circumglobal  equatorial 
surface  current  system  to  the  paleo-oceano- 
graphy  of  the  Cenozoic  North  Atlantic,  are  not 
understood  at  present  (Berggren  and  Hollister, 
1974  and  1977) .  The  main  developments  of  the 
Cenozoic  North  Atlantic  consist  of  the  breakup 
and  widening  of  the  Norwegian  Greenland  Sea 
during  the  Paleocene  to  Eocene,  the  establish¬ 
ment  of  a  deep  water  connection  to  the  Arctic 
Ocean  during  the  Oligocene  to  Miocene,  the 
closure  of  the  circum-equatorial  Tethys  seaway 
between  Europe  and  Africa  and  between  both 
Americas,  and  major  changes  of  the  paleo-geo- 
graphy  of  the  epicontinental  seas  in  western 
Europe,  western  Africa  and  in  the  southern  part 
of  North  America. 

The  early  Paleocene  deep  North  Atlantic  con¬ 
sisted  of  eastern  and  western  basins  divided  by 
the  mid-ocean  ridge  (Figure  4  b).  The  deep 
water  environment  continued  as  a  relatively 
narrow  appendage  to  the  north  branching  into 
the  late  Cretaceous  Labrador  Basin  (Laughton, 
1975,  Vogt  and  Avery,  1974  b)  and  into  the  late 
Jurassic-early  Cretaceous  Rockall  Trough 
(Roberts,  1975).  A  shallow  shelf  sea  probably 
covered  a  relatively  narrow  corridor  between 
Europe  and  Greenland,  and  the  North  Sea  was 
attached  to  this  seaway  (Pegrum  et  al.,  1975). 
The  Mediterranean  exchanged  its  water  masses 
with  the  North  Atlantic  via  the  Aquitanian 
Basin,  through  a  gap  between  Africa  and  Europe 
and  by  way  of  a  much  disputed  shelf  sea  across 
the  central  Sahara  (Machens,  1973,  Reymant  et 
al.,  1976,  Kogbe,  1972,  Murat,  1572).  The 
Caribbean  and  the  Gulf  of  Mexico  were  open  to 
the  southwestern  North  Atlantic  (Cook  and  Bally, 
1975).  The  extent  of  the  early  Paleocene  de¬ 
posits  along  the  Brazilian  continental  margin 
is  not  known, in  great  detail^  but  the  major 
sedimentary  basins  contain  early  Tertiary  sedi¬ 
ments  that  were  deposited  in -an  open  marine 
environment  (Asmus  and  Ponte,  1973,  Ponte; and 
Asmus,  1976);  The  Amazon  Basin  was  a  limnic- 
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continental  paleo-environment  during  that  time 
(Bigarella,  1973). 

During  late  Paleocene  and  early  Eocene 
(approximately  53  myrs  ago)  the  Labrador  Sea 
was  widening  as  spreading  continued.  The  Rockall 
Trough  had  attained  roughly  its  present  shape  and 
size  after  the  spreading  axis  had  shifted  to  the 
northwest  of  the  Rockall  Plateau  during  Paleocene 
times,  separating  Greenland  and  Rockall 
(Laughton. 1975).  Talwani  and  Eldholm,  1977, 
suspected  that  spreading  started  briefly  prior 
to  that  time  in  the  Norwegian-Greenland  Sea 
generating  the  first  deep  marine  troughs  between 
Scandinavia  and  Greenland.  Late  Paleocene-early 
Eocene  faunas  on  Svalbard  (Livsic,  1974)  prove 
the  existence  of  a  seaway  connecting  the  Arctic 
Ocean  with  the  growing  Norwegian-Greenland  Sea 
and  through  them  with  the  North  Atlantic  Ocean. 
Although  their  semi-consolidated  sediments  have 
been  reported  from  the  Barents  Sea  (Sundvor, 
1975),  their  exact  age  is* not  known.  The  North 
Sea  was  invading  the  central  part  of  northwestern 
Europe  and  it  was  probably  connected  to  the  Bay 
of  Biscay  while  the  pathways  between  the  North 
Atlantic  and  the  Mediterranean  narrowed.  The 
trans-Saharan  seaway  had  ceased  to  exist  shortly 
after  the  early  Palocene  (Reyment  et  al.,  1976). 
Following  its  widest  extension  over  the  continen¬ 
tal  shelf  in  the  Gulf  of  Mexico  during  early 
Paleocene,  the  sea  started  to  withdraw,  first 
from  the  shallow  carbonate  platforms  in  Yucatan 
and  later  in  Florida. 

The  Labrador  Basin  attained  its  present  size 
during  the  late  Eocene  to  early  Oligocene.  The 
youngest  magnetic  anomalies  found  in  this  area 
suggest  that  its  active  spreading  ridge  ceased 
about  47  myrs  (Le  Pichon  et  al.,  1971)  or  38  myrs 
ago  (Kristoffersen  and  Talwani,  1977).  The 
widening  of  the  Norwegian-Greenland  Sea  continued 
and  provided  growing  space  to  an  oceanic  paleo- 
environment  which  has  been  documented  through 
the  presence  of  pelagic  microfossils  in  Eocene 
sediments  from  the  Voting  Plateau  (Bjtfrklund 
and  Kellogg,  1972)  and  from  the  Lofoten  Basin 
(Talwani  et  al.,  1976  b).  A  predecessor  of  the 
Iceland-Faeroe  Ridge  existed  during  that  time. 

The  coastline  around  the  Norwegian-Greenland  Sea 
probably  followed  the  modern  continental  margin, 
possibly  with  the  exception  of  the  Barents  Sea. 

In  western  and  central  Europe  an  extension  of 
the  North  Sea  transgressed  over  wide  regions 
establishing  a  seaway  to  the  eastern  European 
epicontinental  seas.  A  narrow  channel  which 
connected  northwestern  Europe  with  the  Alpine- 
Mediterranean  realm,  however,  existed  only  for 
a  short  time  during  mid-Oligocene  (Papp,  1959). 
The  pathways  from  the  Mediterranean  to  the 
eastern  North  Atlantic  continued  to  narrow,  and 
the  Bay  of  Biscay  was  finally- separated  from 
the  Tethys  i  Marine  sediments  of  late  Eocene 
(?)  and  Qligocene  age  mark  the  beginning  of  a 
transgression, over  parts  of  the  Amazon  Basin 
where  the  sta  remained  until  the  end  of  the 
Tertiary  (Bigarella,  1973).' 
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The  style  of  spreading  in  the  North  Atlantic 
varied  between  the  late  Eocene  to  early 
Oligocene  and  Recent  times  because  the  spreading 
axis  shifted  and  the  direction  of  spreading 
changed  pronouncedly  in  the  region  adjacent  to 
Iceland  (Laughton,  1975).  How  these  changes 
influenced  the  morphologic  evolution  of  the 
growing  ocean  basin  is  not  quite  clear  because 
of  the  exceptionally  shallow  depth  of  the  oceanic 
basement  in  this  region. 

The  early  Miocene  (approximately  21  myrs  ago) 
coastline  seems  to  have  followed  rather  closely 
the  continental  margin  along  the  eastern  North 
Atlantic,  with  exception  of  the  shrinking  North 
Sea  (Spjeldnaes,  1975)  and  relatively  small 
epicontinental  seas  in  western  France.  Both  the 
outlet  from  the  Mediterranean  (Dewey  et  al., 

1973)  and  the  pathway  to  the  tropical  Pacific 
(Malfait  and  Dinkelman,  1972,  Weyl,  1973)  had 
become  relatively  narrow  by  that  time,  although 
the  ostracodes  ohseTed  in  the  western  Mediter¬ 
ranean  Oligocene  strata  indicate  that  the  pas¬ 
sage  was  over  2  km  deep  (Benson,  1976) .  The 
marine  transgression  in  the  Amazon  Basin  con¬ 
tinued  and  the  appearance  of  planktonic  foramini- 
fers  in  the  sediments  suggests  an  open  connec¬ 
tion  to  the  southwestern  North  Atlantic 
(Bigarella,  1973). 

During  the  late  Miocene  (approximately  10 
myrs  ago)  the  North  Atlantic  and  the  Norwegian- 
Greenland  Sea  had  attained  roughly  their  present 
size,  shape  and  depth.  The  pathways  of  the 
circum-equatorial  seaway  were  virtually  closed, 
although  foraminiferal  data  (Keigwin,  1978) 
suggest  that  the  Isthmus  of  Panama  has  not  been 
closed  completely  before  the  Pliocene.  The 
Mediterranean  experienced  partial  desiccation 
with  evaporite  deposition  for  a  brief  period 
during  late  Miocene  (Hsu  et  al.,  1973).  A  deep 
water  connection  between  the  Arctic  Ocean  and 
the  Norwegian-Greenland  Sea  had  finally  been 
established  and  it  continued  to  widen  until 
Recent  times  (Talwani  and  Eldholm,  1977).  The 
Iceland-Faeroe  Ridge,  as  a  major  barrier,  in¬ 
hibited  the  deep  water  exchange  between  the 
Norwegian-Greenland  Sea  and  the  main  North 
Atlantic  basin,  and  Iceland  is  believed  to  have 
existed  at  least  for  the  last  16  myrs  years 
(Laughton,  1975,  Piper,  1973).  The  epicontinen¬ 
tal  seas  in  western  Europe  had  approximately 
the  same  size  as  during  early  Miocene;  the  North 
Sea  had  attained  roughly  its  present  shape  and 
continued  its  regression  by  withdrawing  from  the 
present  northwestern  European  coastlines  during 
Pliocene  times.  =Minor .epicontinental  basins 
still  existed  in  southwestern  Europe  and  along 
the  African  continental  margin.  A  shallow  sea 
covered  the  outer  part  of  the  Amazon  Basin,  which 
has  been  filled  by' fluvial  Quaternary  deposits. 

After  opening; of  the  Norwegian-Greenland  Sea 
in  the  late  Paleocene  (Talwani  and  Eldholm,  .1977), 
after  the  final-subsidence  of  the -Iceland-Faeroe 
Ridge  and  after  the  disconnection  from  the  cir¬ 
cum-equatorial:  current  system  during  Miocene,  tne 


North  Atlantic  is  today  part  of  a  latitudinal 
ocean  basin  which  connects  the  cold  polar  water 
masses  of  both  the  northern  and  southern  hemi¬ 
spheres.  The  hydrography  of  the  dominant  portion 
of  the  water  masses  in  the  entire  Atlantic  Ocean 
is  therefore  controlled  to  a  high  degree  by  the 
climatic  conditions  in  the  polar  realms,  al¬ 
though  the  outflow  from  the  Mediterranean,  which 
had  been  refilled  from  the  Atlantic  after  the 
late  Miocene  desiccation  event,  has  an  important 
impact  on  the  hydrography  of  the  intermediate 
water  masses  in  the  North  Atlantic. 

Important  remaining  problems  of  the  physiographic 
evolution  of  the  North  Atlantic 

The  main  physiographic-tectonic  events  during 
the  evolution  of  the  North  Atlantic  (Table  1) 
help  to  define  a  number  of  important  remaining 
problems.  The  tectonic  history  of  aseismic 
ridges  has  recently  been  studied  (Detrick  et  al., 
1977,  Thisde,  197/),  but  major  problems  usually 
arise  if  the  timing  of  the  origin,  the  nature 
and  morphology  of  the  underlying  volcanic  edifice, 
and  the  destruction  and  subsidence  histories  of 
the  ridge  are  not  known.  This  problem  is  parti¬ 
cularly  pertinent  to  the  Cenozoic  North  Atlantic 
because  the  dominant  structural  high  comprising 
the  aseismic  Iceland-Faeroe  Ridge  has  been  in¬ 
hibited  the  exchange  of  the  surface  and  bottom 
water  masses  between  the  Norwegian-Greenland  Sea 
and  the  main  North  Atlantic  basin  troughout  the 
Cenozoic  (Vogt,  1972  and  1974).  The  complex 
evolution  of  the  Caribbean  region  and  the  palco- 
geography  of  the  middle-American  region  (Weyl, 

1973)  pose  a  special  problem  to  the  reconstruc¬ 
tion  of  the  North  Atlantic  paleo-environments 
because  only  a  very  small  portion  of  the  geologic 
history  of  this  region  -  temporally  as  well  as 
spatially  -  has  been  preserved  because  of  the 
nature  of  the  plate  tectonic  processes  in  this 
mobile  area  (Malfait  and  Dinkelman,  1972) . 

Similar  difficulties  are  encountered  when  trying 
to  understand  the  evolution  of  the  ancient  mobile 
Tethys  belt  in  the  Mediterranean  area  (Biju- 
Duval  et  al.,  1977,  Laubscher  and  Bernoulli, 

1977). 

During  the  late  Mesozoic  the  North  Atlantic  was 
virutally  closed  to  the  north  because  the  Norwe¬ 
gian-Greenland  Sea  did  not  exist  as  a  deep  ocean 
basin  during  that  time.  Althoug  marine  Mesozoic 
rocks  deposited  close  to  the  former  coastlines 
have  been  found  along  the  continental  margins  of 
Norway  (Dalland,  i975),  eastern  Greenland 
(Birkelund  et  al.,  1974)  and  western  Greenland 
(Birkelund,  1965),  neither  the  width  nor  the 
extent  of  these  shallow  shelf  seas,  nor  their 
connection  to  the  late  Mesozoic  North  Atlantic 
of  Arctic  oceans  are  known  (Hallam,  1971  and  1975). 

The  growth  of  the  Arctic  Ocean  during  the  Cenozo¬ 
ic  a  long  Gakkel  Ridge  (Vogt  and  Avery, -1974  a) 
has  been  documented  through  the  presence  of  linear 
magnetic  anomalies;,  however v  the  age  of  the 
Amerasia  Basin  of  the  Arctic  Ocean  (Sweeney  et  al., 
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Figure  5.  Simplified  lithology  of  drill  sites  in 
the  SW,  SE,  NW  and  NE  North  Atlantic  (after  Hayes, 
Pimm  et  al.,  1972,  Tucholke,  Vogt  et  al.,  1975). 
B.S.L.  =  below  sea  level,  B.o.  =  basement  age. 

1978)  as  well  as  the  nature  and  origin  of  the 
Alpha  Mendeleev  and  Lomonossov  Ridges  has  not 
been  resolved  (Pitman  and  Herron,  1974).  The 
extent  of  the  primordial  Mesozoic  predecessor  of 
the  modern  Arctic  Ocean  can  therefore  only  be  a 
matter  for  speculation.  Although  marginal  marine 
basins  are  of  minor  importance  around  the  South 
Atlantic,  epicontinental  seas  have  at  times  cover¬ 
ed  wide  regions  of  the  land  masses  around  the 
North  Atlantic.  The  most  important  events  of 
flooding  of  continental  areas  around  the  North 
Atlantic  (Table  1)  are  the  evolution  of  a  circum- 
Fennoscandian  sea  during  late  Jurassic,  the  de¬ 
velopment  of  a  trans-North  American  sea  during 
mid-Cretaceous  ,  of  a  trans-Saharan  sea  during 
late  Cretaceous  and  very  earl;-  Tertiary,  and  of 
a  trans-European  sea  during  miu- tertiary.  It 
is  important  to  note  that  these  trans-continen¬ 
tal  seas  did  not  occur  simultaneously,  at  least 
in  terms  of  tue  time  slices  shown  in  Figure  4. 

It  is  therefore  difficult  to  explain  these  trans¬ 
gressions  and  regressions  entirely  with  eustatic 
sea  level  fluctuations  as  Vail  et  al.  (1978) 
have  suggested,  but  they  might  rather  be  used  to 
infer  major  time-transgressive  changes  of  the  con¬ 
tinental  hypsometries  (Bond,  1970  caused  by  iso¬ 
static  movements  of  the  continental  crust 
(Reyment  and  Horner,  1977). 

Aspects  of  the  Mesozoic  and  Ccnozic  North  Atlantic 
paleo-environment 

The  physiographic  evolution  of  the  North  Atlantic 
and  the  establishment  of  the  drainage  basins  on 
the  surrounding  continents  since  middle  to  late 
Jurassic  must  have  had  ah  important  impact  on  the 
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deep-sea  deposits  of  this  ocean  basin.  This  stu¬ 
dy  will  concentrate  on  drill  sites  from  three 
areas:  Norwegian-Greenland  Sea,  the  northern  part 
of  the  main  North  Atlantic  basin  and  the  basins 
of  the  central  Atlantic.  The  sites  selected  have 
been  drilled  during  Deep  Sea  Drilling  Project 
Legs  1,  2,  11,  12,  13,  14,  37,  38,  41,  43, 

44,  44A,  46,  47A,  49,  50,  and  51-53.  Only  a  few 
selected  aspects  of  the  sediment  cover  found  in 
these  three  regions  will  be  used  in  this  discus¬ 
sion  of  latitudinal  as  well  as  longitudinal  dis¬ 
tribution  patterns  of  various  deep-sea  sediment 
facies.  The  sediment  data  used  for  this  discus¬ 
sion  can  be  found  either  in  the  Initial  Reports 
of  the  Deep  Sea  Drilling  Project  or  in  the  res¬ 
pective  "Geotimes"  articles  about  the  above 
listed  cruises. 

The  sediments  preserved  in  the  North  Atlantic 
reveal  that  almost  every  individual  basin  has  its 
own  depositional  histcry.  probably  because  the 
controlling  boundary  conditions  are  different 
from  basin  to  basin.  This  is  most  easily  observed 
if  comparing  sediment  sections  from  some  of  the 
basins  in  the  main  North  Atlantic  (Figure  5) . 

In  these  sections  as  well  as  in  those  used  in 
Figures  6  and  7,  sediment  data  have  been  plotted 
against  a  time  scale.  The  detailed  lithologies 
of  these  sites  have  also  been  simplified  con¬ 
siderably  to  show  only  CaC03~rich,  CaCO^-poor, 
silica-rich,  and  terrigenous  sediments,  volcanic 


Figure  6.  Distribution  of  sediments  across  the 
S  part  of  the  main  North  Atlantic  basin. 
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Figure  7.  Distribution  of  sediments  across  the 
N  part  of  the  main  IJorth  Atlantic  basin. 

rocks  and  hiatuses  which  cover  more  than  5  myrs. 
It  is  difficult  to  find  sites  which  come  from 
physiogrtfhically  comparable  depositional  envi¬ 
ronments.  fhe  four  sites  shown  in  Figure  5  are 
strikingly  dissimilar  although  they  have  pene¬ 
trated  sediment  sections  which  reach  100-120  myrs 
back  in  time.  Other  pairs  of  drill  sites  from 
either  side  of  the  mid-ocean  ridge  in  the  North 
Atlantic  showed  characteristic  dissimilarities 
too,  and  it  was  soon  obvious  that  a  symmetrical 
evolution  of  the  depositional  environment  as 
conceived  by  Jansa  et  al.,  1977  does  not  explain 
the  actually  observed  sediment  data  satisfacto¬ 
rily. 

Major  asymmetries -between  eastern; and  western 
basins  of  the  North  Atlantic 

Important  differences; 6*  the  sediment  volume 
between  the  easternand  westem  basins  which 
have  been  mapped  by  means  of  geophysical  methods 


(Ewing  et  al.,  1973)  disappear  if  the  lithologies 
of  the  drill  sites  are  plotted  against  a  time 
scale  However,  the  thick  sediment  cover  up  to 
10  k-  .Emery  et  al.,  1970)  which  has  deeply 
bur'  .  the  crustal  rocks  of  the  western  North 
Atlantic  continental  margin,  opposes  a  starved 
passive  continental  margin  along  the  eastern 
North  Atlantic  seaboard  (Montadert  et  al.,  1977, 
Curray,  1978)  where  sialic  continental  basement 
rocks  have  been  dredged  from  several  kilometers 
of  water  depth.  These  asymmetries  are  also  en¬ 
hanced  by  the  abyssal  plains ,  which  are  much 
larger  in  the  western  North  Atlantic  than  in  its 
eastern  basins  (Davies  and  Laughton,  1972) . 

The  previously  mentioned  differences  can  be 
better  understood  when  projecting  a  number  of 
sites  into  two  profiles  across  the  southern  and 
northern  parts  of  the  main  North  Atlantic  basin. 
The  data  have  been  plotted  into  age  versus  dis¬ 
tance  from  mid-ocean  ridge  crest  diagrams 
(Figures  6  and  7) ;  water  depth  and  actual  sedi¬ 
ment  thickness  have  been  sketched  in  the  upper 
part  of  these  two  figures.  The  northwestern 
North  Atlantic  is  not  well  presented  because  too 
few  sites  were  situated  close  to  the  chosen  pro¬ 
file.  The  Norwegian-Greenland  Sea  sites  drilled 
during  Leg  38  encountered  largely  terrigenous 
deposits.  Uneven  site  distribution  does  not 
allow  an  evaluation  of  comparable  asynmestrics 
north  of  the  Iceland-Faeroe-Ridge  although  the 
hydrographic  gradients  and  the  asymmetric  ice 
cover  on  the  adjacent  continents  suggest  large 
differences  in  the  depositional  environment  on 
the  east  and  west  side  of  this  subpolar  ocean 
basin.  The  differences  between  the  depositio¬ 
nal  environment  in  the  northeastern,  southeast¬ 
ern  and  southwestern  North  Atlantic  are  parti¬ 
cularly  evident  in  the  proportions  of  calca¬ 
reous  material  deposited  and  in  the  spatial  as 
well  as  temporal  extent  of  hiatuses  in  these 
basins.  The  oldest  crust  in  the  southwestern 
North  Atlantic  is  largely  covered  by  calcare¬ 
ous  deposits  which  resemble  isochron  litho- 
facies  of  the  Tethyan  paleo-environment 
(Bernoulli,  1972)  supporting  the  idea  of  a 
circum-equatorial  ocean  which  incorporated  the 
Mesozoic  North  Atlantic.  However,  the  deposi¬ 
tion  of  calcareous  material  apparently  decreased 
drastically  (except  in  the  immediate  vicinity 
of  the  carbonate  platforms  al rag  the  adjacent 
continental  margins  (Stehli,  i.974)  with  the  deve¬ 
lopment  of  a  large  and  long  lasting  hiatus 
approximately  120  myrs  ago.  This  hiatus 
(Figure  6)  which  is  confined  to  the  abyssal 
plain  and  the  foot  of  the  continental  rise  and 
slope,  and  which  can  be  traced  throughout  the 
last  120  myrs,  reveals  two  pulses  of  particular¬ 
ly  wide  regional  extent;  the  c43er  one  approxi¬ 
mately  100  myrs  ago,  the  younger  one  20  myrs 
ago.  These  events  coincide  with  important  hia¬ 
tuses  mapped  in  the  entire  ■  -lantic  (Moore  and 
Heath;  1978).  The  coherence  of -this  long  last¬ 
ing  hiatus  also  suggests  that  the  hydrographic 
regime  generating  it  was  a  spatially,  and  tenpo- 
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Figure  8.  Organic  carbon  concentrations  (in 
percent  of  bulk  sediment)  in  the  main  North 
Atlantic  basin  (excluding  the  Norwegian- 
Greenland  Sea) .  Data  have  been  backtracked  to 
their  paleodepth  of  deposition  following  the 
method  of  Berger  and  von  Rad,  1972,  Data  are 
available  for  each  sample  point,  but  they  have 
been  averaged  over  300  m  and  4  myrs  intervals 
for  contouring. 

rally  stable  feature  of  the  deep  southwestern 
North  Atlantic  from  late  Cretaceous. 

The  southeastern  North  Atlantic  basin  re¬ 
ceived  far  less  calcareous  deposits  than  the 
southwestern  North  Atlantic  during  the  Mesozoic, 
and  the  sedimentation  of  calcareous  components 
increased  only  during  the  last  20  myrs  (cf. 

Berger  and  von  Rad,  1972,  Lancelot  and  Seibold, 
1977).  Except  for  relatively  short  and  regional¬ 
ly  not  very  extensive  hiatuses,  sedimentation 
appears  to  have  been  continuous  from  late  Meso¬ 
zoic  times  in  the  southeastern  North  Atlantic. 
This  basin  has  been  protected  against  vigorous 
bottom  water  currents  because  of  the  presences 
of  the  structural  high  west  of  Gibraltar,  of 
Walvis  Ridge  in  the  South  Atlantic,  and  of  the 
mid-A'lantic  Ridge  to  the  west. 

The  northeastern  North  Atlantic  apparently 
received  relatively  little  terrigenous  input 
throughout  the  last  130-140  myrs  because  wide 
epicontinental  seas  in  Europe  acted  as  depo- 
centers  for  the  terrigenous  components  before 
they  were  able  to  reach  the  ocean.  The  sedi¬ 
ments  ir.  the  northeastern  North  Atlantic  are 
therefore  largely  calcareous  (Figure  7).  The 
hiatus  off  Gibraltar  is  difficult  to  explain, 
but  is  seems  to  be  an  important  coincidence 
that  sedimentation  in  this  regiohresumed  in  the 
early  Miocene  when  the  deep  water  passage 
into  the  Mediterraneh  (Benson -1976)  became 
shallower.  Important  hiatuses  have  also  been 
observed  along  the  northern  continental  margin 
of  the  Bay  of  Biscay  where  they  have  been  ex¬ 
plained  by  vigorous  bottom  currents  associated 
with  the  "Cenomanian"  transgression  (Montadert 
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et  al.,  1977).  After  mapping  the  spatial  and 
temporal  extent  of  hiatuses  regionally  in  the 
South  Atlantic  (van  Andel  et  a!.,  1977),  it  is 
now  clear  that  the  processes  generating  gaps 
in  the  lithologic  succession  of  deep-sea  sedi¬ 
ments  can  selectively  affect  certain  depth 
intervals.  Some  hiatuses  extend  over  almost 
thf  entire  ocean  basin,  some  are  restricted  to 
the  deep  basins  and  others  are  confined  to  re¬ 
latively  shallow  water  depths.  None  has  yet 
been  explained  satisfactorily. 

Distribution  patterns  of  characteristic  sedi¬ 
ment  components  in  the  North  Atlantic 

The  distributions  of  calcareous  sediments 
and  of  organic  carbon  in  the  North  Atlantic 
are  illustrated  in  Figures  9  and  10.  The  avail¬ 
able  data  have  been  backtracked  to  their  paleo¬ 
depth  of  deposition  following  the  method  des¬ 
cribed  by  Berger  and  von  Rad,  1972.  Since  both 
data  sets  revealed  a  wide  scatter  I  have 
averaged  the  data  from  the  main  North  Atlantic 
basin  (Figures  8  and  9)  over  300  m  depth,  and 
4  myrs  time  intervals  for  contouring.  These 
data  reveal  a  clear  zonation  of  the  North 
Atlantic  Cenozoicpaleo-environment  because  vir¬ 
tually  no  calcareous  components  have  been  de¬ 
posited  in  the  Nerwegiar.-Greenland  Sea  (Figure 
10)  behind  the  Iceland-Faeroe-  Ridge  whose 
function  as  a  barrier  is  also  expressed  ir 
the  strong  Paleogene  faunal  and  floral  gradi¬ 
ents  between  the  Norwegian-Creenland  Sea  and 
the  main  North  Atlantic  basin  (Talwani  et  al., 
1976 
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Figure  9.  Distribution  of  calcium  carbonate 
concentrations  (in  percent  of  bulk  sediment)  in 
the.  main  North  Atlantic  basin  (excluding  the 
NorwegianHSfeenland  Sea) .  Data  have  been  back¬ 
tracked  to  their  paleodepth  of  deposition 
following  the  method  of  Berger  and  von  Rad,  1972. 
Data  are  available  for  each  saaple  point,  but 
they  have  been  averaged  over  300  a  and  4  myrs 
intervals  for  contouring. 


PALEQDEPYH  (Km  I 


NORWEGIAN /GREENLAND  SEAS 

CaC03  cone tnirat ions  (%} 


'//  / 
f y  - 


20  40  60 

AGE  m  y  3.  P- 

Figure  10.  Calcium  carbonate  concentrations  (in 
percent  of  bulk  sediment)  in  Norwegian-Greenland 
Sea  sediments.  Data  have  been  backtracked  to 
their  paleodepth  of  deposition  following  the 
ee-'.hcd  of  Berger  and  von  Rad,  1972. 

Organic  carbon-  The  average  organic  carbon 
concentrations  in  the  bulk  sediment  have  been 
contoured  at  the  0.5  and  1.0  Z  isojAehts. 

Three  areas  of  high  concentrations  appear  on 
the  diagram.  An  early  Cretaceous  maximum. close 
to  the  former  bottom  of  the  basin  supports  the 
suggestions  of  an  anoxic  depositional  environ¬ 
ment  (cf.  Lancelot  and  Seibolo,  1977).  In 
other  sites  it-  has  been  observed  that  anaerobic 
sediments  immediately  overlie  the  oceanic  base¬ 
ment  (Me Cave,  1978),  A  mid-  to  late  Cretaceous 
maximum  just  below  the  2  km.paleo-rwater  depths 
however,  sigh  indicate  a  radical  change  of  the 
oxygen  Odicient  depositional  environment  be¬ 
cause  this  maximum  is  over—  and  underlain  by 
oxygenated  sediments^  This  .“s  ituation  might 
more  easily  ble  explained- by^an  oceanic- mid- 
water  oxygen.  minimum  (Schlanger  and  Jenkyns, 
1976,  Thiede  and  van  Andel,  1977).  Higher 


values  than  normal  have  also  been  observed  in 
samples  from  3.5  -  5  km  paleo-water  depth  which 
have  been  deposited  during  the  last  20  myrs. 

They  seem  to  correlate  to  carbonate-poor  fine¬ 
grained  terrigenous  muds  (cf.  figures  8  and  9) 
deposited  in  the  deep  basin  at  the  foot  of  the 
continental  margins.  Favourable  conditions 
for  the  preservation  of  organic  carbon  are  a 
prerequisite  for  the  accumulation  of  high 
organic  carbon  concentrations.  But  it  seems 
disputable  if  the  modern  analogs  such  as  the 
northern  Indian  Ocean  with  its  well  developed 
mid-water  oxygen  minimum  or  the  Black  Sea  with 
its  euxinic  conditions  are  suitable  models  for 
the  late  Mesozoic  oxygen-poor  depositional  envi¬ 
ronments. 

Calcium  carbonate.  The  calcium  carbonate 
concentrations  (Figure  9)  from  the  North  Atlan¬ 
tic  have  been  treated  the  same  way  as  the  orga¬ 
nic  carbon  data  (figure  8),  but  they  have  been 
contoured  at  10,  30  and  60%  isopleths.  It  is 
important  to  note  that  the  Norwegian-Greenland 
Sea  (Figure  10)  is  almost  entirely  void  of 
calcareous  material.  Well  preserved  calcare¬ 
ous  fossils,  however,  have  been  observed  in  the 
Norwegian-Greenland  Sea  3nd  in  Arctic  Ocean 
deep-sea  sediments  (Herman,  1974  b)  although  they 
were  deposited  in  water  depths  similar  to  those 
of  the  North  Atlantic  main  basin.  The  concept 
of  a  calcite  compensation  depth  (=CCD)  shoaling 
towards  the  polar  regions  as  invoked  by 
Ramsay,  1978  and  others  is  not  supported  by  the 
North  Atlantic  data. 

The  samples  from  the  main  North  Atlantic 
basin  provide  us  with  a  variety  of  scenarios 
revealing  that  the  definition  of  the  CCD, 
which  is  usually  done  by  plotting  CaCOyconcen- 
trations  against  water  depth,  is  disputable  at 
best,  and  that  accumulation  rates  should  be  used 
(van  Andel  et  al.,  1975).  However,  even  chough 
the  original  data  were  averaged  considerably, 
the  values  above  the  102  isopleths  are  scattered 
over  a  wide  range  (Figure  9).  One  can  discern 
Jurassic  through  early  Cretaceous,  and  late 
Cretaceous  through  Cenozoic  phases  of  carbonate 
sedimentation  in  the  North  Atlantic  which  are 
interrupted  by  a  mid-  to  late  Cretaceous  event 
of  low  carbonate  concentrations  and  probably 
considerable  shoaling  of  the  CCD.  This  event 
coincided  with  epicontinental  seas  flooding 
wide  areas  of  the  adjacent  continents.  While 
the  early  Tertiary  shoaling  of  the  CCD  has  been 
observed  by  previous  authors  (e.g.  Berger  and 
von  Rad,  1972)  the  data  reported  here  do  not 
support  a  comparably  shallow  CCD  10-20  myrs  ago. 

Two  levels, of  high  carbonate  concentrations 
occur  during  both  phases  of  carbonate  deposi¬ 
tion,  but  are  particularly  well  developed  during 
the  late  Cenozoic.  Ah  upper  an  very  dominant 
level  is  observed  at  2-3  km  water  depth 
(Figure  d),  which  probably  represents  the  .  sedi¬ 
mentation  of  normal  pelagic calcareous  apses. 

The  deep  level  at  4-4.5  km  is  suggestive  of 
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calcareous  material  displaced  into  Che  deep 
basins,  as  has  been  observed  in  the  South  Atlan¬ 
tic  (van  Andel  et  al.,  1977).  Obviously,  such 
patterns  can  also  be  due  to  the  injection  o£ 
large  amounts  of  non-calcareous  terrigenous 
components  into  the  main  North  Atlantic,  but  the 
evaluation  of  this  problem  will  have  to  wait 
until  further  data  from  this  basin  are  avail¬ 
able. 

Conclusion 

The  evolution  of  the  North  Atlantic  (Sclater 
et  al.,  1977)  and  its  surrounding  epicontinental 
seas  through  time  can  now  be  translated  into  a 
list  of  important  events  (Table  1)  controlling 
the  hydrography  of  the  North  Atlantic  water 
masses  (Berggren  and  Hollister,  1974  and  1977). 
These  physiographic-tectonic  events  illustrate 
the  development  of  the  ancient  North  Atlantic 
Ocean  from  a  narrow  latitudinal  tropical  sea 
as  part  of  the  Tethys  Ocean  during  the  Mesozoic, 
to  a  wide  latitudinal  basin  which,  as  part  of 
the  Atlantic  Ocean, connects  both  polar  oceans 
and  whose  water  masses  thereby  carry  important 
hydrographic  characteristics  from  the  Arctic 
and  Antarctic  realms  (Vfust,  1935).  However,  it 
has  to  be  remembered  that  these  events  provide 
us  with  only  one  set  of  physical  boundary  condi¬ 
tions  which  constrain  the  surface  and  deep  water 
circulations  of  this  ocean  basin. 

With  respect  to  the  surface  water  circulation 
these  events  are:  1)  The  establishment  of  a  ma¬ 
rine  connection  from  the  northwestern  European 
epicontinental  seas-Tethys  realm  to  Gulf  of 
Mexico-Caribbean  area  and  through  that  to  the 
Pacific  during  early  Late  Jurassic;  2)  A  sur¬ 
face  water  pathway  to  the  South  Atlantic  opened 
during  mid-  to  late  Cretaceous  (van  Andel  et  al 
1977);  3)  A  seaway  through  the  Norwegian- 

Greenland  Sea  to  the  Arctic  Ocean  was  estab¬ 
lished  during  early  Tertiary  (Talvani  and 
Eldholm,  1977)  although  it  cay  have  been  in 
existence  during  the  Mesozoic  as  part  of  a 
narrow  epicontinental  basin;  4)  The  passage 
through  the  Caribbean  realm  to  the  Pacific  and 
the  gap  between  the  Iberian  Peninsula  and 
northern  Africa  was  closed  during  late  Tertiary; 
and  5)  The  Iceland-Faeroe  Ridge  did  not  entire¬ 
ly  subside  before  late  Miocene. 

To  understand  the  sediment  distribution  in 
this  growing  ocean  basin,  it  is  probably  even 
more  important  to  consider  the  passages  for  the 
deep-water  circulation.  Deep-water  connections 
to  the  Pacific  and  Tethys  oceans  probably 
existed  from  the  late  Jurassic  and  early  Cre¬ 
taceous  to  late  Tertiary  time.  A  deep  basin 
connected  the  North  and  South  Atlantic  Oceans 
since  late  Cretaceous,  while  a  deep-Norvegiatf- 
Greenland  Sea  passage  to  the  Arctic  Ocean  broke 
through  only  during  Miocene.  It  is: unclear,  and 
probably  not  resolvable  by  means  of- methods 
used  in  this  paper;  when  deep  said  narrow  ^chan¬ 
nels  through -fracture  zones  allowed  an  exchange 
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of  bottom  water  masses  between  the  eastern  and 
western  basins  of  the  North  Atlantic. 

Distribution  of  deep-sea  rediments  have  been 
used  to  evaluate  the  impact  of  the  changing 
physiography  of  the  North  Atlantic  on  the  late 
Mesozoic  and  Cenozoic  paleo-environment.  The 
dominant  components  of  these  deposit?,  are  terri¬ 
genous  non-calcareous  and  calcareous  material 
whose  concentrations  reflect  a  wide  range  of 
temporal  and  spatial  fluctuations  of  the  CCD 
(Figure  9).  Although  the  North  Atlantic  is 
fairly  well  documented  by  now,  it  is  difficult 
to  depict  well  defined  variations  in  CCD  with 
time.  Particularly  high  contributions  of  dis¬ 
placed  calcareous  components  seem  to  depress 
the  lower  lioit  of  the  CCD  to  considerably 
deeper  water  depths  than  previously  suspected 
(Berger  and  von  Rad,  1972).  A  period  of  deep- 
sea  sedimentation  with  relatively  low  carbonate 
concentrations  during  mid-Cretaceous  (approxi¬ 
mately  80  te  110  myrs  ago)  throughout  the  en¬ 
tire  North  Atlantic  is  indicative  of  the  contri¬ 
bution  of  large  volumes  of  fine-grained  terri¬ 
genous  sediments.  It  is  interesting  to  note 
that  this  interval  coincides  with  the  mid-Cre¬ 
taceous  anaerobic  depositional  environments  in 
both  the  South  and  North  Atlantic  oceans  as 
well  as  in  the  Indian  and  Pacific  oceans 
(Fischer  and  Arthur,  1977).  The  concentrations 
of  calcareous  particles  and  organic  carbon  in 
North  Atlantic  deep-sea  sediments  also  reveal 
an  important  zonation  because  both  are  virtu¬ 
ally  missing  from  the  Norwegian-Greenland  Sea, 
whose  deposits  have  been  dominated  by  the  high 
terrigenous  influx  into  the  basin  throughout 
the  50-60  myrs. 

Profiles  across  the  northern  and  southern 
main  North  Atlantic  basin  reveal  major  asyase- 
tries  in  the  depositional  environments  between 
the  eastern  and  western  basins  which  seem 
closely  related  to  the  hydrographic  regime  of 
the  evolving  ocean  basin  (Berggren  and  Hollister , 
1974).  The  asymmetries  involve  the  sedimenta¬ 
tion  pattern  or  major  sediment  components  along 
the  continental  margins  and  in  the  deep-sea 
basins,  as  well  as  the  distribution  and  extent 
of  hiatuses.  These  data  allow  us  to  show  how 
the  temporal  and  spatial  evolution  of  the  North 
Atlantic  physiography  (Sclater  et  al.,  1977) 
and  of  the  epicontinental  seas  on  the  adjacent 
continents  has  interacted  with  the  paleo-ocea- 
nography  of  the  pelagic  water  masses  and  with 
the_paleoclimate  over  this  part  of  the  northern 
hemisphere  in  generating  depositional  environ¬ 
ments  which  are  different  from  basin  to  basin. 

The  ever  ■  incf easit. c  volume  of  sedimentary  data 
available  from  Deep  Sea  Drilling  Project  sites 
in  the  North  Atlantic  will  soon  help  us  re¬ 
fine  the  recognition  of  these  depositional  en¬ 
vironments  and  to  quantify  the -interaction  of 
the  plate  tectonic  processes  with  the  motion 
of  the  ocean  and  of  the  atmosphere  over  the 
North  Atlantic. 
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IMPACT  OF  DEEP-SEA  DRILLING  ON  PALEOCEANOGRAPHY 
W.  H.  Berger 

Scripps  Institution  of  Oceanography,  La  Jolla,  California  92093 


Abstract.  Paleoceanography  -  the  history  of 
circulation,  chemistry,  fertility,  and  biogeogra¬ 
phy  of  the  oceans  -  initially  took  a  back  seat  in 
the  objectives  of  deep-sea  drilling^  due  to  the 
sudden  emergence  of  the  theory  of  sea  floor 
spreading.  Within  a  few  years,  however,  pale- 
oceanographic  goals  achieved  high  priority,  in  a 
fusion  of  geophysical,  geochemical,  and  pale¬ 
ontological  concepts  and  approaches.  The  pale- 
oceanographic  research  associated  with  deep-sea 
drilling  has  laid  the  groundwork  for  a  global 
stratigraphy,  by  establishing  relationships  be¬ 
tween  changes  in  circulation  and  stratification 
of  the  ocean,  and  the  evolution  of  climate  and 
marine  plankton.  Focal  points  of  interest  are 
fluctuations  of  sea  level  and  of  productivity, 
and  the  circumstances  of  dramatic  change  of  the 
oceanic  environment,  that  is,  the  causes  of  epoch 
boundaries. 

Introduction 

Ten  years  ago,  on  August  18,  1968,  the 
GLOMAR  CHALLENGER  departed  from  Galveston,  Texas, 
to  drill  in  the  Gulf  of  Mexico  and  off  the  East 
Coast  during  the  f  rst  leg  of  a  long  series  of 
drilling  expeditions  into  the  ocean '3  past.  The 
chief  scientist  on  this  first  leg  was  Maurice 
Ewing.  The  Initial  Report  on  Leg  One  appeared 
within  a  year  after  the  cruise  (Ewing  et  al. , 
1969). 

Since  then,  some  forty  volumes  have  been  pub¬ 
lished,  each  cc,  .ring  a  two-month  long  leg.  In 
almost  all  of  these  volumes  biostratigraphy  and 
paleoceanography  occupy  a  prominent  place. in. the 
quantity  and  significance  of  .results  reported. 

The  associated  journal  literatureindicates  the 
emergence  of  a  global  stratigraphy  of  ocean- 
atmosphere  and  ocean-biosphere  interaction,  as  a 
result  of  deep-sea  drilling.  We  are  witnessing  a 
quantum  jump  in  the  evolution  of  the  earth  sci¬ 
ences  reminiscent  of  that  brought  about  by  the 
geophysical  exploration  of  the  ocean  floor  in- the 
fifties  and  early  sixties.  Paleoceanography  - 
the  history,  of  circulation,  chemistry,  fertility; 
and  biogeography  of  the  oceans  -  is  a  key  ingre¬ 
dient  of  this  quantum  jump. 

In  the  present,  essay -I  attempt  to  trace  in  broad 
brush  fashion;-  and  "rom  arather .personal  view¬ 


point,  the  development  and  application  o'.  pale- 
oceanographic  concepts  in  the  context  of  deep  sea 
drilling.  For  background,  I  have  consulted  the 
proposals  of  JOIDES  to  the  National  Science  Foun¬ 
dation  (Nierenberg,  1965,  1969;  Nierenberg  and 
Peterson,  1971;  Peterson,  1973,  1977)  and  the 
scientific  prospectus  for  each  leg,  in  addition 
to  the  Initial  Reports  of  the  Deep  Sea  Drilling 
Project  (Volumes  1  to  43),  and  the  journal  liter¬ 
ature.  Some  suggestions  as  to  how  paleoceano- 
graphic  research  might  be  usefully  focused  are 
appended. 

Paleoceanography  as  an  Objective 
of  Deep  Sea  Drilling 

Priorities  and  Sea  Floor  Spreading 

The  spectacular  growth  of  paleoceanography  in 
the  wake  of  GLOMAR  CHALLENGER  and  the  prominent 
place  of  biostratigraphy  -  the  mother  science  of 
paleoceanography  -  in  the  Initial  Reports  might 
suggest  that  paleoceanography  and  deep-sea  dril¬ 
ling  co-evolved  in  a  symbiotic  relationship  from 
the  start.  This  is  in  fact  not  so,  for  one  sim¬ 
ple  reason;  thi  stuff  of  paleoceanography  is  sedi¬ 
ments,  and  th^  recovery  of  sediments  did  not  en¬ 
joy  a  hi6'..  priority  in  the  scientific  objectives 
of  the  early  phases  of  the  Deep-Sea  Drilling 
Project.  The  resulting  frustration  of  the  bio- 
stratlgraphers  was  forcefully  expressed  by  Moore 
(1972)  who  complained  that  too  much  material  had 
been  flushed  from  the  drill  holes,  material  that 
holds  the  geological  record  of  the  oceans. 

It  seems  surprising  that  this  complaint  arose 
al  all.  The  JOIDES  Project  originated  from  the 
idea  of  a  broad  investigation  of  the  sedimentary 
layer  of  the  oceans  following  the  Project  MOHOLE 
(which  was  to  penetrate  the  crust).  Significant¬ 
ly,  early  initiatives  for  such  a  sediment-centered 
program  came  from  the  paleoceanographer  Cesare 
Emiliani  of  the  University  of  Miami  (fide  van 
Andel,  1968,  p.  1420).  The  initial  plans  took 
shape  in  1964,  under  the  leadership  of  Fritz  F. 
Koczy,  a  chemical  oceanographer.  The  other 
planning  committee  members  were  Charles  L.  Drake, 
J.^Bracker.t  Hersey,  William  R.  Riedel-,  and  Tjeerd 
H.  van  Andel. 

There  were  several  reasons  why.  the  priorities  of 
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geophysical  evidence  from  magnetic  lincations 
(Vine,  1966:  Heirtzler  et  al. ,  1968)  and  from 
seismology  (Isacks,  Oliver,  and  Sykes,  1968). 
Further  testing  seemed  unnecessary.  However,  in 
the  meantime  drilling  for  basal  sediment  had  be¬ 
come  important  for  checking  on  the  dating  of  mag¬ 
netic  anomalies.  Thus,  it  retained  a  high  prior¬ 
ity  for  the  next  several  years. 

In  contrast  to  the  Atlantic  drilling  pattern  of 
the  first  JOIDES  proposal,  the  Pacific  pattern 
emphasized  paleoenvironment  as  the  chief  scien¬ 
tific  goal  (Figure  2).  Equatorial  sedimentation 
had  been  the  subject  of  considerable  paleoceano- 
graphic  study  based  on  piston  cores  (Arrhenius 
1952;  Riedel  and  Funnell,  1964)  and  the  in¬ 
triguing  carbonate  cycles  promised  that  there 
would  be  a  close  relationship  between  stratigraphy 
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and  global  climatic  change.  As  a  consequence  of 
the  initial  emphasis  on  sedimentation,  recovery 
was  much  better  in  the  Pacific  than  in  the  Atlan¬ 
tic  during  the  first  several  years  (Moore,  1972). 
However,  regardless  of  the  amount  of  sediment 
recovered  (which  was  excellent  in  a  number  of  the 
early  legs,  including  Leg  3  in  the  South  Atlantic 
and  several  legs  in  the  equatorial  Pacific),  the 
focus  of  research  was  by  1970  entirely  on  the  New 
Global  Tectonics. 

General  stratigraphy  was  chiefly  used  as  a  tec¬ 
tonic  tool  just  as  biostratigraphy  was  largely 
seen  as  a  means  to  date  basement  and  also  acoustic 
reflectors,  which  in  turn  could  be  used  to 
elucidate  regional  tectonics.  In  the  resulting 
stratigraphic  models,  sedimentation  patterns 
tended  to  be  seen  as  static,  as  exemplified  in  a 
number  of  early  syntheses  (Hsii  and  Andrews,  1970; 
van  Andel  and  Heath,  1973;  Winterer,  1973;  Berger, 
1973).  An  extreme  example  of  this  approach  to 
deep-sea  stratigraphy  is  the  "kinematic  model" 
proposed  by  Leg  20  scientists  (Heezen  et  al. , 

1973)  which  derives  a  hypothetical  sedimentary 
sequence  of  the  North  Pacific  from  supposed  pres¬ 
ent-day  sedimentation  patterns  assumed  to  persist 
over  a  hundred  million  years  on  the  moving  Pacific 
Plate. 

Emergence  of  PaleoceanoRraphy 

The  effects  of  plate  motion  on  sediment  patterns 
had  to  be  determined  before  the  next  step  could  be 
taken,  that  is,  the  reconstruction  of  environ¬ 
mental  changes.  To  define  change,  to  find  the 
amplitudes,  rates,  phase  relationships,  and  the 
refional  extent  of  change,  one  needs  continuous 
ar.d  well-dated  stratigraphic  sequences.  Prior¬ 
ities  having  been  set  with  the  focus  on  tec¬ 
tonics,  the  interests  of  paleoceanography  were 
initially  represented  mainly  by  the  biostratig- 
raphers,  who  insisted  on  the  value  of  continuous 
coring. 

Biostratigraphers  maintained  the  focus  on  envi¬ 
ronmental  change:  changes  in  water  temperature  at 
the  surface  and  at  depth  (Douglas  and  Savin, 

1971),  changes  in  carbonate  chemistry  (Hay,  1970, 
1971),  changes  in  faunal  assemblages  and  diver¬ 
sity  (Berggren,  1971;  Cita,  1971).  As  the  im¬ 
portance  of  their  contributions  became  evident, 
and  as  they  acquired  the  language  of  geochemistry 
and  climatology,  their  constituency  broadened  and 
support  for  paleoceanographic  goals  grew. 

Beginning  with  the  fourth  year  of  deep-sea  dril¬ 
ling,  and  even  before  Moore's  (1972)- complaint 
about  the  flushing  away  of  ocean  history,  virtual¬ 
ly  every  leg  had  a  significant  amount  of  contin¬ 
uous  recovery  for  biostratigraphic  arid  paleocean¬ 
ographic  purposes.  In  some  of  the  legs  paleocean¬ 
ography  actually  had  the  highest  priority.  Inr 
stead  of  meekiy  delivering  dates  for  geophysical 
purposes,  biostratigraphers  began  =Jo  incorporate 
geophysical  and  geochemical  methods  to ^provide  a 
comprehensive  view  of  the  evolution  of  the  deep 
sea  environment  and  the  life  withih  it. 


Conversely,  instead  of  focusing  entirely  on  sea 
floor  motions,  or  on  regional  tectonics  and  mor¬ 
phology,  marine  geologists  became  interested  in 
the  history  of  oceanic  circulation  and  chemistry. 
The  forced  fusion  of  the  various  subdisciplines  of 
marine  geology,  geophysics,  and  stratigraphy: 
this  is  the  impact  of  deep  sea  drilling  on  pale¬ 
oceanography. 

The  results  of  the  merger  process  are  exempli¬ 
fied  in  the  memoir  on  "Cenozoic  History  and  Pale¬ 
oceanography  of  the  Central  Equatorial  Pacific 
Ocean"  by  van  Andel,  Heath,  and  Moore  (1975),  and 
in  the  numerous  syntheses  of  drilling  results 
published  last  year  (Berger,  1977;  Berggren  and 
Hollister,  1977;  Davies  et  al. ,  1977;  Fischer 
and  Arthur,  1977;  Heath,  Moore,  van  Andel,  1977; 
Heirtzler  et  al.,  1977;  Kennett,  1977;  Moore  and 
Heath,  1977;  Ryan  and  Cita,  1977;  Savin,  1977: 
van  Andel  e*-  al.,  1977).  These  syntheses  have  to 
cope  with  an  extraordinary  amount  of  new  and 
unusual  information. 

The  trends  and  events  in  a  changing  ocean,  as 
seen  through  the  conceptual  Instruments  of  the 
practicing  paleoceanographers  may  be  termed  the 
"paleoceanographic  inventory".  Its  results  are 
presented  as  facts.  The  underlying  assumption  is 
that  such  "facts"  represent  meaningful  patterns 
in  terms  of  identifiable  causes.  This  assumption 
may  not  always  hold  up.  For  example,  "factual" 
sedimentation  rate  changes  may  incorrectly  Sum¬ 
marize  apparent  rates  of  entirely  different 
facies  deposited  at  systematically  differing  ele¬ 
vations;  "factual"  fluctuations  of  the  carbonate 
compensation  depth  may  include  redeposition  events 
and  missing  sections  to  unknown  and  varying  de¬ 
grees;  hiatus  stratigraphy  may  mix  apples  and 
oranges  by  including  the  effects  of  non-deposi¬ 
tion,  mechanical  erosion,  carbonate  dissolution, 
and  systematic  coring  difficulties  (e.g.  in  chert) 
under  one  common  label. 

With  this  note  of  caution,  let  us  accept  the  in¬ 
ventory  and  proceed  from  there. 

Trends  and  Events: 

Inventory  of  the  Cenozoic  Ocean 

The  Cenozoic  Temperature  Decline 

An  overall  cooling  of  surface  temperatures  on 
Earth  from  Late  Cretaceous  time  to  the  Quaternary 
is  part  of  textbook  geology,  and  also  a  warming 
during  the  Eocene  and  during  the  Miocene  super¬ 
imposed  on  this  trend. 

The  response  of  the  deep  ocean  waters  to  the 
cooling  trend  had  been  sketched  by  Emiliani  (1954) 
on  the  basis  of  a  few  chance  samples  from  the  deop 
sea  floor.  He  suggested  that  the  oxygen  isotope 
composition  of  deep  sea  benthic  forams  reflects 
the  high  latitude  temperature  at  the  sites  of 
bottom  water  production,  and  the  planktonic  foram- 
Inifera  reflect  the  surface  temperature.  The  dif¬ 
ference  .between  the  two  then  reflects  the  overall 
planetary  temperature  gradient.  The  development 
of  this  gradient,  as  cooling  progressed  through 
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the  Cenozoic,  can  be  seen  in  the  extensive  oxygen 
isotope  work  of  Douglas  and  Savin  (1575)  and  of 
Shackleton  and  Kennett  (1975)  (Figure  3). 

Clearly,  the  familiar  cooling  trend  is  largely 
a  high  latitude  phenomenon.  Except  for  the 
Oligocene,  low  l»riiude  surface  waters  remain 
about  as  warm  as  t.iey  were  in  the  latest  Creta¬ 
ceous,  especially  when  considering  that  the  oxygen 
isotope  values  are  depressed  to  the  heavy  side  by 
ice  formation  in  the  late  Cenozoic.  Recent  CLIMAP 
results  provide  an  analogue  to  this  observation: 
even  during  maximum  glaciation,  tropical  tempera¬ 
tures  drop  but  little,  except  where  disturbed  by 
influx  from  cold  ocean  currents  (CLIMAP,  1976'; 
Cline  and  Hays,  1976).  The  apparent  coolness  of 
Che  Oligocene  tropics  and  the  associated  drought 
(Davies  et  al. ,  1977)  is  a  major  problem.  One 
possible  mechanim  to  hinder  establishment  of  a 
warm  tropical  surface  layer  during  the  Oligocene 
is  mid-ocean  overturn  due  to  low  stability  of  the 
water  column,  with  a  negative  salinity-depth  gra¬ 
dient  counteracting  the  temperature  gradient,  in 
mid-  and  low  latitudes. 

The  high  latitude  cooling  as  reflected  in  the 
benthic  foraminifera  is  a  combination  of  the  gen¬ 
eral  trend  and  several  rather  discrete  events  of 
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Fig.  .3.  Oxygen  isotope  stratigraphy  of  calcareous 
foraminifera  in  Pacific  sediments.  Data  from 
Douglas  and: Savin  (1975),  DSD?  Leg  32  (low  lati¬ 
tudes).  and  from  Shackleton  and .Kennett  (1975), 
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which  the  Eocene-Oligocene  drop  is  the  most 
striking.  The  fact  that  planktonic  isotopic  val¬ 
ues  for  high  latitudes  are  lighter  than  tropical 
ones  in  the  Eocene  indicates  low  salinities  of  high 
latitude  surface  waters.  Presumably,  rain  belts 
reached  farther  poleward  than  today.  To  the  de¬ 
gree  that  rain  belts  moved  equatorward  during  the 
course  of  cooling,  the  post-Eocene  isotopic  signal 
from  high  latitudes,  including  ^eep  sea  benthics, 
reflects  both  cooling  and  a  decrease  in  (isotopi- 
cally  light)  precipitation. 

The  overall  trend,  presumably,  is  a  function  of 
the  change  of  arrangements  of  continents  —  lead¬ 
ing  to  thermal  isolation  of  Antarctica  and  of  the 
Arctic,  as  proposed  by  Ewing  and  Donn  (1956)  — 
as  well  as  the  overall  regression  since  the  Late 
Cretaceous,  which  increased  albedo,  since  land  re¬ 
flects  incoming  radiation  more  than  water. 

The  discrete  events  are  more  difficult  to  ex¬ 
plain.  The  remarkable  drop  of  isotopic  tempera¬ 
ture  near  the  Eocene-Oligocene  boundary  apparently 
took  place  within  100,000  years  or  less  (Kennett 
and  Shackleton,  1976).  It  is  not  at  all  clear 
whether  this  event  was  brought  about  by  a  profound 
change  in  the  circulation  system  (the  opening  of  a 
passage  between  Antarctica  and  Australia)  or  by  an 
internal  feedback  mechanim  triggered  by  regression 
(such  as  continuous  albedo  increase  due  to  progres¬ 
sive  drought),  or  to  a  combination  of  these  or 
neither.  Talwani  and  Edlholm  (1977)  show  the  Nor- 
wegian-Greenland  Sea  opening  at  this  time.  The 
possibility  of  establishing  a  new  bottom  water 
source  in  this  area  must  be  considered,  3S  well  as 
exchange  with  Arctic  low  salinity  waters  (Thier- 
stein  and  Berger,  1978).  Both  of  these  phenomena 
could  change  the  oceanographic  setting  and  result 
in  a  new  type  of  ocean  stratification  and  circula¬ 
tion. 

Perhaps  the  simplest  hypothesis  is  that  falling 
temperatures  on  Antarctica  reached  a  critical 
value  -  that  of  freezing  -  with  concomitant  albedo 
increase  of  this  continent,  causing  extension  and 
intensification  of  the  polar  high.  The  extended 
polar  high,  in  turn,  would  have  moved  the  rainbelt 
off  the  ccast  and  away  from  the  shelves  of  Ant¬ 
arctica,  allowing  cooling  (and  sinking)  of  waters 
of  normal  salinity. 

The  Mid-Miocene  event  is  marked  by  a  distinct 
and  rapid  change  of  oxygen  isotope  composition  of 
benthic  foraminifera,  toward  heavier  values.  Both 
a  temperature  drop  at  the  bottom  water  source,  and 
a  glacial  effect  due  to  rapid  ice  expansion  on 
Artarctica  are  invoked  to  explain  this  change  in 
isotopes  (Savin,  Douglas,  Stehli,  1975;  Shackleton 
and  Kennett,  1975).  From  the  data  (Figure  3)  it 
appears  that  the  event  starts  during  a  warming 
period  in  the  tropics.  In  fact,  a  correction  for 
the  glacial  effect  would  intensify  the  apparent 
warming.  Why  should. Antarctic  glaciation  proceed 
concomitantly  with  a  warming- of  the  tropics?  And 
why  so  suddenly  and. rapidly?  Again,  two  ap- 
proaches  to  an  explanation  can  be  considered:  a 
change  of  the  entire  system  of  circulation,  or  a 
triggering  effect  starting  a  cascade  of  'feedback 
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processes  in  a  metastable  system,  or  both.  For 
the  first  type  of  answer,  the  opening  of  Drake 
Passage  provides  a  convenient  explanation.  Suf¬ 
ficient  separation  of  South  America  from  Antarc¬ 
tica  allows  circumpolar  flow  and  hence  promotes 
the  isolation  of  the  tropics  from  the  high  lati¬ 
tude  areas.  Interaction  between  warm,  humid  air 
masses  and  cold  polar  ones  provides  for  formation 
of  snow  and  ice.  The  resulting  increase  in 
albedo  in  high  latitudes  then  intensifies  the 
temperature  drop  there.  Alternatively,  the  Miocene 
transgression  warms  the  tropics  and  ends  an 
Ollgocene  drought,  decreasing  the  tropical  albedo. 
The  resulting  intensified  tropical  warming  pro¬ 
vides  for  transport  of  moisture  to  high  latitudes, 
with  albedo-feedback  via  snow  cover,  which  greatly 
increases  the  planetary  temperature  gradient.  In 
the  absence  of  an  exact  date  for  the  opening  of 
Drake  Passage,  and  of  climatic  models  for  the 
^resumed  warm-cold  interaction,  of  course,  such 
■‘explanations"  remain  mere  scenarios  —  it  could 
have  happened  this  way. 

Thr  final  major  event  seen  in  the  oxygen  isotope 
stratigraphies  is  the  sudden  change  to  heavier 
oxygen  values  in  the  upper  Pliocene,  interpreted  as 
the  onset  of  northern  continental  glaciation.  The 
same  event  is  dramatically  recorded  in  the  onset 
of  terrigenous  sedimentation  at  Site  116  in  the 
North  Atlantic  (Berggren,  1972).  One  can  hardly 
invoke  a  radical  change  in  the  geologic  setting 
of  the  system  at  exactly  3  million  years  ago: 
everything  was  much  in  the  same  place  as  before. 

The  Panama  Isthmus  had  been  closed  for  some  time. 
Thus,  climatic  deterioration  from  whatever  source, 
presumably  from  mountain  building,  apparently 
reached  a  threshold  at  which  positive  feedback 
mechanisms  could  greatly  enhance  the  effects  from 
minor  causes,  such  as  Milankovitch  irradiation 
fluctuations,  or  volcanic  activity.  Evidence 
for  increasing  volcanic  activity  in  Late  Neogene 
time  comes  from  the  abundance  of  ash  layers  in 
DSDP  sites  (Kennett  and  Thunell,  1975). 

The  search  for  the  explanations  for  the  striking 
events  seen  in  the  oxygen  isotope  records  remains 
a  major  challenge. 

Cenozoic  CCD  Fluctuations 

That  the  CCD  fluctuated  during  the  Cenozoic  was 
first  proposed  by  Bramlette  (1961), who  also  de¬ 
fined  the  term  "carbonate. compensation  depth"  os 
a  facies  boundary  between  calcareous  and  non- 
calcareous  sediments.  Bramlette  suggested  that 
the  CCD  in  the  Pacific  was  lower  than  today  in  the 
mid-Tertiary,  as  did  Heath  (1969).  Before  this 
suggestion  could  be. evaluated,  the  subsidence  of 
the  sea  floor  had  to  be  accounted  for,  using  .age- 
depth  plots  (Sclatar,  Anderson,  Beil,  1971)  and 
assuming  that  the  present  age-depth  relationships 
are  valid  for  the  geologic  past  (Berger ,  1972; 
1973).  As  it  turned  out,  the  CCD  stood  indeed 
low  in  the  Oligocene,  not  only  in  the  Pacific, 
but  alsc  in  the  Atlantic  (Berger  and  Winterer, 
1974;  van  Andel,  1975).  CCD  fluctuations  also 


were  proposed  by  Tappan  (1968) ,  Peterson  tit  al. 
(1970),  Hay  (1970),  and  Worsley  (1971),  and  by 
Ramsay,  Schneidermann  and  Finch  (1973). 

Today's  CCD  is  near  4500  m  on  the  average.  It 
is  indistinct  in  the  North  Pacific,  where  it 
rises  to  above  4000  m,  and  it  is  rather  more  dis¬ 
tinct  in  the  North  Atlantic  where  it  descends  to 
5500  m.  Its  position  is  a  function  of  supply 
rate  and  dissolution  rate,  which  in  turn  depend 
on  fertility  of  upper  waters,  on  the  state  of 
saturation  of  deep  waters  (alkalinity,  C02  con¬ 
tent)  and  on  the  rate  of  flow  of  the  water 
across  the  sediment  interface  (for  reviews  see 
Berner,  1974;  Broecker,  1974;  Broecker  and 
Takahashi,  1978;  Edmond,  1974).  The  position  of 
the  present  CCD  has  not  yet  been  modelled  from 
first  principles,  and  it  is  therefore  unlikely 
that  this  can  be  done  :or  ancient  oceans. 
Nevertheless,  the  changes  in  the  CCD  and  the 
associated  carbonate  sedimentation  patterns 
provide  clues  to  the  chemistry  and  fertility  of 
the  ocean  which  are  of  great  interest. 

An  initial  attempt  to  correct  for  sea  floor  sub¬ 
sidence  in  describing  carbonate  sedimentation  pat¬ 
terns  was  based  on  Leg  3  date  in  the  South  Atlan¬ 
tic;  additional  information  has  now  become  avail¬ 
able  (Figure  4).  The  CCD  is  seen  to  drop  at  the 
end  of  the  Eocene  and  to  reach  a  maximum  in  the 
mid-Oligocene.  The  CCD  starts  to  rise  at  the 
beginning  of  the  Miocene,  reaches  a  peak  in  middle 
to  late  Miocene  time,  and  drops  dramatically 
starting  about  10  million  years  ago.  The  depth 
gradient  of  sedimentation  rates  (and  hence  the 
dissolution  rate  gradient)  tends  to  increase  from 
the  Oligocene  to  the  Pleistocene. 

The  interpretation  of  this  pattern  assumed  an 
increasing  role  of  corrosive  Antarctic  Bottom  Wa¬ 
ter,  entering  with  the  start  of  the  Miocene,  and 
reaching  a  peak  10  million  years  later  (Berger, 
1972).  Ten  million  years  ago  the  production  of 
North  Atlantic  Deep  Water  was  assumed  to  set  in. 

The  isolation  of  North  Atlantic  Waters  due  to 
gradual  emergence  of  the  Panama  Isthmus  presumably 
led  to  Increased  salinities,  and  the  subsequent 
cooling  of  the  saline  waters  led  to  deep  water 
production.  The  North  Atlantic  Deep  Water  then 
started  to  drive  back  the  Antarctic  Bottom  Water, 
as  is  the  case  today.  Carbonate  could  then  be 
sedimented  above  the  boundary  of  che  two  abyssal 
water  masses. 

Although  this  scenario  still  seems  attractive, 
the  overall  parallelism  of  the  Atlantic  and 
Pacific  CCD  requires  that  global  effects  be  taken 
into  account,  rather  than  solely  Atlantic  circula¬ 
tion  patterns  or  exchange  patterns  with  the  Pacif¬ 
ic  (Figure  4).  This  realization  rests  especially 
on  the  reconstruction  of  the  extra-equatorial 
Pacific  CCD,  by  van  Andel  and  Moore  (1974).  One 
possibility  for  a  global  explanation  is  that  the 
CCD  rose  during  transgressions,  when  carbonate  was 
locked  up  on- shelves,  and  fell  during  regressions, 
when  carbonate  was  transferred  from  the  shelves  to 
the  deep  ska  (Berger  and  Winterer,  1974;  van  Andel, 
1975).  Unfortunately,  sedimentation  rate  patterns 
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Fig.  4.  Various  reconstructions  of  CCD  variations 
through  Cenozoic  tine.  Heavy  lines:  from  van 
Andel  et_  al.  (1977),  incorporating  data  from  van 
Andel  and  Moore  (1974),  and  van  Andel,  Heath,  Moore 
(1975).  Stippled:  from  Berger  and  Roth  (1975), 
based  on  data  in  Berger  (1972,  1973).  The  differ¬ 
ences  between  reconstructions  reflect  to  some 
degree  an  increase  in  information,  but  also  largely 
differences  in  interpretation  of  data. 

do  not  support  this  simple  picture  (Figure  5). 
According  to  the  compilation  by  Davies  et  al. 
(1977),  in  the  Oligocene,  when  the  CCD  stood  low, 
there  was  actually  less  carbonate  being  sedimented 
than  during  the  Miocene  when  it  stood  high.  This 
is  also  indicated  in  the  sedimentation  rate  pat¬ 
terns  of  Leg  3  (Berger,  1972)  and  in  those  of  the 
central  Pacific  (van  Andel,  Heath,  Moore,  1975). 

The  fluctuations  in  the  depth  gradient  of  dis¬ 
solution  rates  calculated  by  Heath  et  al.  (1977) 
for  the  central  Pacific  contain  the  clue  to  this 
seeming  paradox  (Figure  6),  The  sharp  increase 
in  gradient  since  the  beginning  of  the  Miocene  is 
remarkable,  and  suggests  control  of  carbonate  pat¬ 
terns  by  increasing  chemical  erosion  from  Antarc¬ 
tic  Bottom  Maters  (with  increasing  deposition  in 
areas  above  the  Bottom  Mater)  as  well  as  Increas¬ 
ing  fertility  (to  provide  the  high  carbonate 
sedimentation  rates  above  the  CCD).  In  this 
sense,  the  high  supply  -  high  erosion  CCD  of  the 
Neogene  differs  in  fundamental  ways  from  the  "near- 
equilibrium"  CCD  of  the  Paleogene, 

The  increasing  dissolution  gradients  in  the 
Neogene  imply  considerable  erosion,  not  only  of 
contemporaneous  carbonate .but  also  of  older  car¬ 
bonates  which  were  deposited  during  times  of  a 
deep  CCD  or  which  became  available  for  dissolution 
through  subsidence.  Such  recycling  of  older  car¬ 
bonates  increases  sedimentation  rates  in  the 
Neogene.  The  problem  has  been  discussed  at 
length  by  Moore  and  Heath  (1977)  who  compiled  the 
frequency  of  missing  sections  for  the  .world  ocean. 
Their  compilation  i3  essentially  a  mirror  image  of 
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that  of  Davies  et  al.  (1977)  (Figure  5),  with  the 
exception  of  the  middle  Miocene.  Apparently  the 
supply  of  sediments  essentially  controls  the  abun¬ 
dance  of  hiatus  development,  in  addition  to  gen¬ 
eral  recycling  (Moore  and  Heath,  1977).  The  mid¬ 
dle  Miocene  (which  was  seen  earlier  to  be  charac¬ 
terized  by  extensive  Antarctic  glaciation  and 
presumably  by  large-scale  formation  of  Antarctic 
Bottom  Hater)  presents  a  special  case  of  both 
increased  erosion  and  sedimentation.  At  this  time 
the  shallowness  of  the  CCD  combined  with  a  strong 
dissolution  gradient  provides  an  excellent  oppor¬ 
tunity  for  widespread  chemical  erosion  of  older 
sediments.  In  contrast,  the  oft-repeated  notion 
of  widespread  Oligocene  erosion  appears  unfounded: 
if  much  sediment  was  eroded  in  the  Oligocene,  it 
should  have  been  redeposited  in  the  Oligocene. 
Where  then  is  this  sediment? 

In  summary,  Cenozoic  CCD  fluctuations  are  highly 
complex  phenomena.  The  CCD  drops  at  the  end  of 
the  Eocene,  concomitant  with  a  temperature  drop 
(showing  that  bottom  water  temperature  per  se  is 
unimportant).  It  stays  deep  during  the  Oligocene, 
but  sedimentation  rates  are  low.  Thus,  less  car¬ 
bonate  is  actually  being  deposited  during  the  low 
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Fig*  5.  Comparison  of  hiatusabundance  in -the 
world  ocean  (Moore,  Heath,  1977)  and  total  sedi¬ 
mentation  rates  in  Atlantic  and  Pacific  (Davies, 
Hay,  Southao,  Horsley,  1977). 


Fig.  6.  Cenozoic  fluctuations  of  the  vertical 
gradient  of  the  calcium  carbonate  dissolution  in 
the  equatorial  Pacific,  according  to  Heath, 

Moore,  van  Andel  (1977). 

stand  than  before  or  after.  Essentially  this  sug¬ 
gests  the  existence  of  a  "near-equilibriun"  ocean 
in  the  Oligocene,  with  low  fertility  and  hence 
little  "excess  precipitation"  that  would  drive  the 
ocean  to  undersaturation.  Surprisingly,  there  is 
little  supply  from  the  continents,  presumably  due 
to  widespread  dry  conditions  (Davies  et  al. , 

1977)  and  to  trapping  of  sediments  on  the  contin¬ 
ent.  The  CCD  rises  in  the  Miocene  in  response  to 
increased  fertility  and  hence  "excess  supply"  of 
carbonate  to  the  sea  floor  which  drives  the  ocean 
toward  undersaturation  (Berger  and  Winterer,  1974) . 
The  onset  of  large  scale  production  of  Antarctic 
Bottom  Water  at  the  beginning  of  the  Keogene  pro¬ 
vides  a  sharp  deep  boundary  for  carbonate  sedi¬ 
mentation  in  much  of  the  ocean.  At  the  same  time 
total  sedimentation  increases,  both  because  of 
greatly  increased  supply  from  land  (beginning 
about  10  million  years  ago)  and  because  of  inter¬ 
nal  recycline  of  older  sediments. 

The  Search  for  Correlations 

The  fluctuations  of  temperature  patterns,  as 
recorded  by  oxygen  isotopes  in  foraminifera,  and 
the  fluctuations  of  carbonate  saturation  patterns, 
as  recorded  in  preservation  stratigraphy  (CCD, 
dissolution  gradients,  fragmentation  of  foramin¬ 
ifera)  describe  different  aspects  of  the  same  sys¬ 
tem  which  changes  through  time.  To  define  these 
changes  correctly,  they  must  be  seen  simultaneous¬ 
ly.  To  find  the  driving  forces,  the  independent 
environmental  variables  must  be  found  and  corre¬ 
lated  with  the  dependent  ones.  To  understand  how 
these  forces  work,  interactions  have  to  be  model¬ 
led  from  first  principles^-  Failing  that,  plausi¬ 
ble  analogues  whose  workings  are  reasonably  famil¬ 
iar  must  be  found. 


The  present  emphasis  in  the  search  for  dynamics 
is  in  finding  correlations  (Haq,  1973;  Berger  and 
Roth,  1975;  van  Andel,  1975;  Berger.  1977;  van 
Andel  et  al . ,  1977).  The  prime  example  of  this 
approach  is  the  stimulating  paper  by  Fischer  and 
Arthur  (1977).  So  far,  little  use  has  been  made 
of  Quaternary  analogues,  and  virtually  none  of 
physical  models,  in  trying  to  explain  the  trends 
and  events  in  Cenozoic  temperature  and  carbonate 
patterns. 

One  type  of  correlation  which  goes  back  to  geo¬ 
logic  antiquity  is  the  one  between  temperature  and 
sea  level  change.  Times  of  transgression  are 
known  to  be  warm  and  equitable,  those  of  regres¬ 
sion  are  associated  with  cooling.  Within  the 
Cenozoic,  sea  level  stood  high  in  the  Eocene  and 
Miocene,  and  these  are  indeed  the  times  when 
tropical  planktonic  foraminifera  show  low  5l8o 
values,  that  is  warming  (Figure  3). 

Changes  in  carbon  isotopic  composition  of  cal¬ 
careous  plankton  and  benthos  also  are  correlated 
with  sea  level  change.  In  principle,  there  are 
three  main  factors  to  be  considered  when  inter¬ 
preting  the  carbon  isotope  fluctuations:  (1)  a 
change  in  the  composition  of  oceanic  C02,  due  to 
a  shift  in  the  input/output  relationships  of  the 
sedimentary  reservoirs  (carbonate  and  organic  car¬ 
bon);  (2)  a  change  in  the  composition  of  CO2  with¬ 
in  the  particular  water  masses  within  which  the 
shells  grow,  that  is,  fractionation  within  the 
ocean;  (3)  a  change  !n  the  "vital  effect",  that  is, 
the  difference  to  equilibrium  precipitation,  due 
to  a  change  in  metabolic  activity  of  the  shell¬ 
making  organisms.  In  general,  transgression  cor¬ 
responds  to  carbonates  rich  in  13c  an(j  vice  versa. 
This  corresponce  presumably  arises  because  of 
preferential  deposition  c-f  organic  matter  (low 
i",  ,  during  transgression  (Tappan,  1968).  In 

auuiticn,  the  magnitude  of  the  planktonic-benthic 
difference  in  carbon  isotopes  tends  to  go  parallel 
to  chat  in  oxygen  isotopes.  Both  differences 
appear  to  reflect  the  degree  of  density  stratifi¬ 
cation.  In  a  stably  stratified  ocean  upper  waters 
tend  to  become  depleted  in  12c.  This  will  in¬ 
crease  13c  values  in  the  planktonic  carbonate 
(Kroopnick  et  al. ,  1977) . 

As  mentioned  previously,  sea  level  changes  bear 
on  the  patterns  of  carbonate  sedimentation  races. 
The  fact  that  the  overall  CCD  variation  looks 
somewhat  like  the  Cenozoic  transgression-regres¬ 
sion  curve  is  certainly  suggestive  of  the  coanonly 
postulated  shelf-basin  fractionation.  The  fact 
that  this  notion  fails  to  explain  things  has  been 
discussed  above.  While  the  fractionation  is  not 
denied,  more  subtle  mechanisms  are  at  work  also. 

Sea  level,  through  its  effect  on  stability  of  the 
water  column  and  "age"  of  deep  waters  (hence  CO2 
content)  deterrmnes  the  amount  of  CaC03  the  ocean 
can  hold  in  solution  and  the  shape  of  the  satura¬ 
tion  profile.  Furthermore,  sea  level  may  affect 
productivity  which  in  turn  is  crucial  to  the  under¬ 
standing  of  CCD  fluctuations  (Li,  Takahashi, 
Broecker.  1969;  Fischer  and  Arthur,  1977). 
Productivity ?of  the  pelagic  ocean,  as  measured 
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by  maximum  pelagic  sedimentation  rates,  more  or 
less  parallels  the  general  trends,  being  high  when 
sea  level  is  high  and  the  CCD  is  shallow.  The 
tie-in  betweeen  productivity  and  CCD  variation  is 
given  by  the  notion  of  "excess  supply".  "Excess 
suppiv"  is  the  amount  of  sediment  falling  on  the 
seafloor  which  is  not  balanced  by  input  from  weath¬ 
ering  or  volcanism.  It  is  that  portion  of  the 
supplv  which  has  to  be  redissolved  for  material 
balance.  The  "excess  supply"  is  responsible  for 
the  overall  undersaturation  of  the  ocean  with  the 
biogenic  substance  in  question.  An  increase  in 
"excess  supply",  therefore,  leads  to  an  increase 
in  undersaturation.  Thus,  the  CCD  should  rise 
when  carbonate  is  being  supplied  to  the  seafloor 
in  increasing  amounts,  without  concomitant  in¬ 
crease  of  supply  from  outside  the  ocean  (contin¬ 
ental  erosion,  ridge  crest  reactions,  or  volcan¬ 
ism).  The  apparent  relationship  between  produc¬ 
tivity  and  the  CCD  can  be  rationalized  in  this 
manner. 

Any  effects  of  sea  level  changes  on  productivity 
of  the  ocean  are  not  readily  apparent.  Funda¬ 
mentally,  productivity  is  tied  to  the  availability 
of  nutrients  and  to  the  stability  of  the  upper¬ 
most  water  column,  allowing  the  planktonic  algae 
to  stay  in  the  photic  zone  (Sverdrup,  1953).  The 
two  requirements  are  antagonistic.  Best  results, 
therefore,  should  be  achieved  by  frequent  alterna¬ 
tion  between  stratification  and  mixing  during  the 
seasonal  cycle.  The  intermittent  action  of  strong 
winds  on  a  well  stratified  ocean  would  produce 
such  an  effect.  The  increasing  planetary  temper¬ 
ature  gradient  increasingly  produces  both  stable 
stratification  and  strong  winds  luring  the 
Neogene.  In  turn,  the  high  fertility  of  the 
Necgene  results  in  an  increase  of  maximum  sedi¬ 
mentation  rates  (above  the  lvsocline)  and  an  in¬ 
crease  in  undersaturation  and  hence  dissoluton 
rates  (below  the  lysocline).  The  end  effect  is  a 
strong  increase  in  the  depth  gradient  of  the  dis¬ 
solution  rate  (van  Andel  et  al. .  1975:  see  Figure 
6). 

At  other  times  transgressions  may  not  necessar¬ 
ily  go  parallel  with  high  pelagic  productivity. 

The  notion  that  they  do  (Tappan,  1968)  is  based 
on  setting  diversity  equal  to  productivity  and  on 
length-of- food-chain  arguments.  Both  arguments  do 
not  work  in  the  present  ocean:  the  pelagic  realm 
has  low  fertility,  high  diversity,  and  long  food 
chains,  compared  with  the  coastal  ocean.  Thus 
the  co-occurrence  of  high  pelagic  diversity  with 
transgressions  and  warm  climate  (Frerichs,  1971; 
Haq,  1973;  Roth,  1974)  could  be  used  to  argue 
lowered  fertility  (but  high  stability)  for  such 
times,  in  the  pelrgic.  realm. 

Sea  level  change  is  not  the  only  apparent  driv¬ 
ing  force  for  paleoceanographic  trends.  The 
marked  changes  in: the  composition  of  pelagic  sedi¬ 
ments  from  one  epoch  to  the  next  (Davies  and  Supko, 
1973)  would  seem  to  require  additional  factors, 
besides  fractionation  of  lime  from  silica  between 
basins  and  between  deep  ocean  and  shelf  seas. 
Varying  intensity  of  volcanism  or  varying  inten- 
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sity  and  type  of  continental  ercsioi,  be  con¬ 

sidered,  as  well  as  variations  in  di,  utial 
recycling  of  marine  sediments  (esosional  frac¬ 
tionation  between  geologic  periods)  It  nas  been 
suggested  that  the  high  silica  content  of  Eocene 
and  Miocene  sediments  reflects  volcanic  a,i. 
(Bramlette,  1946;  Gibson  and  Tcwe,  1971)-  .aid  i.iis 
is  in  accord  with  the  abundance  of  ash  and  other 
indicators  in  deep-sea  sediments  (Kenne'.t  and 
Thunnell,  1975;  Karig,  1975,  Leg  31).  Karig's 
(1975)  suggestion  that  arc  volcanism  is  roughly 
proportional  to  subduction  rates  implies  a  cor¬ 
relation  between  volcanism  and  age  of  seafloor, 
and  hence  elevation  of  sea  surface.  The  co¬ 
occurrence  of  high  sea  level,  high  volcanic  ac¬ 
tivity  (and  hence  CO2  supply),  shallow  CCD,  and 
deposition  of  siliceous  sediment  has  to  be  contem¬ 
plated  from  this  viewpoint  as  well. 

The  Cretaceous  Challenge: 

A  Different  Kind  of  Ocean 

Significance  of  a  reduced  temperature  gradient 

The  present  ocean  can  be  described  as  a  two- 
layer  system,  with  a  1-km  thick  upper  layer  (the 
thermocline)  and  a  3-km  thick  deep  layer  of  polar 
waters  (bhink,  1966).  In  addition,  there  is  a 
thin  (100  m)  mixed  layer  whose  thickness  just 
about  corresponds  to  the  photic  zone.  The  mixed 
layer  is  depleted  in  nutrients  because  the 
thermocline  forms. a  barrier  to  diffusion  of  nut¬ 
rients  from  below.  Leakage  occurs  around  the  con¬ 
tinents,  where  the  barrier  breaks  down.  The  circ¬ 
ulation  is  largely  wind-driven  in  the  upper  layer, 
and  density-driven  below,  with  roughly  802  of  the 
drive  derived  from  temperature  gradients  and  202 
from  differences  in  salinity  (Wyrtki,  1961). 

Cretaceous  oceans  must  have  been  entirely  dif¬ 
ferent,  and  many  of  the  concepts  appropriate  for 
the  present  ocean  -  thermocline,  oxygen  minimum, 
upwelling,  bottom  water,  perhaps  even  "mixed 
layer"  -  do  not  apply  or  must  be  drastically  rede¬ 
fined.  The  chief  characteristic  of  Cretaceous 
oceans  is  the  reduced  temperature  gradient,  hori¬ 
zontally  and  vertically.  The  difference  in  oxygen 
isotope  values  of  planktonic  coccoliths  and  benthic 
forams  shown  by  Douglas  and  Savin  (1975,  Leg  32) 
is  on  the  order  of  1.6  °/oo»  corresponding  to  less 
than  10°C.  Our  own  results  for  the  Cenomanian  of 
Site  137  (Berger  and  Eicher,  unpublished)  show  a 
similarly  low  difference  of  1.5  °/O0  between 
planktonic  and  benthic  foraminifera,  as  well  as  a 
difference  of  only  0.6  °/qo  for  513c,  Compared 
with  the  Neogene  ocean  (AJlSo:  3  to  5  °/00,  Adl3C: 
1-2  °/oo),  these  differences  are  distinctly  reduced 
and  suggest  that  stratification  was  much  less 
stable  in  the  Cretaceous  than  in  the  Neogcne  ocean. 

The  overall  temperature  gradient  on  the  planet 
(which  represents  the  maximum  the  ocean  can  attain) 
is  on  the  order  of  15 °C  in  the  Cretaceous  (Bowen, 
1966;  Kauffman,  1978).  This  means  that  bottom 
water  temperatures  could  not  drop  fcr  below  15°C. 
Under  these  conditions,  salinity  distributions 


=usc  have  played  an  important  role  in  driving 
deep  circulation  (Chamberlin,  1906;  Berger, 

1970b).  In  principle,  this  type  of  circulation 
requires  sinking  of  waters  in  the  subtropics  and 
rising  of  waters  in  high  latitudes.  The  sources 
of  deep  saline  water  are  not  readily  apparent, 
since  many  of  the  large  epicontinental  seas  appear 
to  have  had  slightly  brackish  surface  waters 
(Kauffman,  1978) .  The  most  likely  sources  are 
indentations  of  the  subtropical  Tethys,  modern 
analogues  being  the  Red  Sea  and  the  Persian  Gulf. 

At  the  present  time  also,  deep  water  formation 
depends  to  a  considerable  extent  on  evaporation 
in  the  subtropics,  and  on  the  cooling  of  saline 
waters  thus  produced,  after  moving  them  to  high 
latitudes.  The  equability  of  the  Cretaceous  el <- 
mate  suggests  that  there  was,  in  addition  to  a  high 
latitude  fog  blanket,  an  efficient  transfer  of 
heat  by  atmospheric  moisture  from  low  latitudes 
to  high,  which  would  have  counterbalanced  the  den¬ 
sity  increase  of  surface  waters  from  cooling  in 
high  latitudes.  This  situation  probably  dominated 
throughout  the  Mesozoic,  the  stability  of  the  wa¬ 
ter  column  depending  largely  on  salinity  strati¬ 
fication. 

In  this  view,  the  early  Tertiary  may  be  seen  as 
a  time  of  transition  between  salinity-dominated 
and  temperature-dominated  stratification.  Under 
certain  conditions  the  competition  between  these 
mechanisms  would  lead  to  low  stability  and  hence 
to  open-ocean  overturn.  This  has  been  shown  to 
occur  in  the  Mediterranean  (Anati  and  Stommel, 

1970)  which  is  in  other  respects  also  an  attrac¬ 
tive  source  of  analogues  for  anci-nt  oceans,  due 
to  warm  deep  water  and  low  stability,  low  fertil¬ 
ity,  and  occasional  development  of  oxygen  defi¬ 
ciency  during  periods  of  high  fresh  water  input. 

Evidence  for  open-ocean  overturn  may  exist  in 
the  Paleogene  nannoplankton  blooms  recorded  from 
various  parts  of  the  ocean  (Roth,  1974;  Haq, 
Premoli-Silva,  Lohmann,  1977).  The  prime  example 
is  the  Braarudosphaera-chalk  of  Leg  3  (Wise  and 
Kelts.  1972).  This  chalk  shows  unusually  heavy 
(“"cold")  6*80  values  (Wise  and  Hsu,  1971)  which 
would  be  appropriate  for  mid-ocean  "upvelling". 
Open-ocean  overturn  would  produce  a  very  thick 
"mixed  layer",  with  essentially  unfavorable  con¬ 
ditions  for  algal  production  and  hence  for  the 
entire  food  chain.  Open  ocean  overturn  also  would 
bring  intermediate  waters  to  the  surface  -  waters 
that  quite  possiblv  had  low  salinity,  being  pro¬ 
duced  in  high  latitude  rainbelts  and  deriving 
their  ability  to  sink  from  low  temperature.  Inter¬ 
mediate  water  salinities  of  30  °/00  or  less,  in 
the  bloom  areas,  are  compatible  with  the  available 
isotope  data. 

Foraminiferal  production  is  generally  extremely 
low  in  Cretaceous  oceans  compared  with  the  present: 
typical  sand  content  of  calcareous  ooze  is  1.  per¬ 
cent  or  less  compared  with  10  to  30  percent  in 
Heogene  oozes:  In  addition,  overall  pelagic  sedi¬ 
mentation  rates  also  seem  lower,  although  this  is 
difficult  to  establish' since  theduration  of  zones 
is  unknown.  The  low  fertility  of  the  Cretaceous 


ocean,  which  is  reflected  in  the  patterns  of  pres¬ 
ervation  of  phosphatic  sediments  and  other  preci¬ 
pitates  (Berger  and  Roth,  1975;  Fischer  and  Arthur, 
1977)  is  essentially  still  a  mystery.  Presumably, 
a  low  oxygen  content  of  deep  waters  played  a  role, 
in  slowing  decay  of  organic  matter  and  hence  the 
recycling  of  nutrients. 

Oxygen  deficiency  and  calcitt  preservation 


Black  shales  on  the  deep-sea  floor  of  the  North 
Atlantic  were  first  discovered  in  piston  cores 
aimed  at  outcrops  of  Cretaceous  sediments  (Habib, 
1969).  Subsequently  deep-sea  drilling  showed  that 
black  shales  rich  in  organic  caroon  are  widespread 
in  mid-Cretaceous  deep  sea  sediments  of  the  North 
Atlantic  (Lancelot,  Hathaway,  Hollister,  1972,  Leg 
11).  The  occurrence  of  the  shales  was  interpreted 
as  indicating  a  stagnant  ocean  basin,  that  is, 
oxygen  deficiency  of  abyssal  waters.  Black,  finely 
laminated  clays  were  found  again  in  mid-Cretaceous 
sediments  of  Leg  14.  Backtracking  of  Site  137 
showed  that  the  organic-rich  sediments  were 
deposited  on  the  ridge  crest,  and  that  oxidized 
sediments  were  deposited  on  the  ridge  flank.  This 
distribution  suggested  a  deep-reaching  oxygen  min¬ 
imum  intersecting  the  ridge  crest  (Berger  and  von 
Rad,  1972).  The  contemporaneous  black  shale  in 
Site  138  was  interpreted  as  hemipelagic  sedimen¬ 
tation  with  redeposited  organic  matter  creating  a 
strong  oxygen  deficiency  near  the  sea  floor. 

The  two  scenarios  of  oxygen  deficiency,  the 
"Stagnant  Basin"  and  the  "Deep  Oxygen  Minimum" 
type,  have  dominated  recent  discussions  of  mid- 
Cretaceous  deep-sea  sedimentation  (Schlanger  and 
Jenkyns,  1976;  Ryan  and  Cita,  1977;  Fischer  and 
Arthur,  1977;  Thiede  and  van  Andel,  1977).  Ocher 
scenarios  also  are  conceivable,  including  the 
ridge  crest  as  a  barrier  to  deep  oxygenation,  and 
multiple  low  oxygon  layers,  due  to  inter-layering 
of  cool  and  salty  deep  water  layers  derived  from 
various  deep  water  sources  (Figure  7).  The  avail¬ 
able  information,  so  far,  does  not  allow  a  clear 
choice  between  these  modals,  nor  is  such  a  choice 
necessarily  the  most  pressing  task  in  assessing 
the  importance  cf  oxygen  ceficiency  for  Creta¬ 
ceous  oceanography. 

Fundamentally,  the  preservation  of  organic  car¬ 
bon,  whether  from  plankton  sources  or  from  contin¬ 
ental  sources,  is  a  i-atter  cf  the  low  initial  dis¬ 
solved  oxygen  content  ("oxytv")  of  a  warm 
Crvtaceous  ocean,  combined  with  local  imbalance 
of  oxygen  supply  and  demand.  The  evidence  for 
poorly  aerated  seas  in  the  Cr itaceous  has  been 
at  hand  for  some  time.  As  Kauffman  (1978)  points 
out,  over  large  areas  and  through  thick  strati¬ 
graphic  sections,  Cretaceous  marine  sediments  on 
the  shelves  are  characterized  by  well  laminated, 
dark  organic-rich  shales  and  pelagic  carbonates, 
and  by  glauconitic  sand.  In  the  absence  of  a 
strong  polar  drive  for  deep  circulation  (which 
would  introduce  cold,  oxygen-rich  bottom  waters) 
the  type  of  water  associated  with  this  neritic 
facies  is  similar  to  the  one  that;  provides  a 
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Fig.  7.  Some  possible  configurations  of  condi¬ 
tions  of  oxygen  deficiency,  SL,  sea  level:  RC, 
ridge  crest.  "Coitjination" :  deep  oxgyen  minimum 
plus  oxygen  deficiency  on  continental  slope  area. 
"Half  and  Half":  deep  oxygen  minimum  on  one  ?ide 
of  ridge,  stagnant  basin  on  the  other.  Cti.er 
configurations  also  can  u  envisaged  (see 
Schlanger  and  Jenkyns,  1376;  Ryan  and  Cita,  1977; 
Thiede  and  van  Andel,  1977). 


large  part  of  the  deep  water?  of  the  ocean.  It  is 
already  comparatively  oxygen-poor  when  arriving  at 
depth,  with  perhaps  one-naif  of  the  oxvty  of 
today's  deep  waters  (Berger,  1970b).  Today, if 
there  were  only  2  ml  per  liter  less  oxygen  In  deep 
waters  below  1  ko,  ouch  of  the  present  Pacific 
would  be  anaerobic  down  to  2000  m  depth.  Vith  3 
ol  per  liter  less,  an  oxygen  deficient  layer 
would  reach  below  the  ridge  crest  in  both  the 
Pacific  and  the  Indian  Oceans.  In  the  Atlantic 
the  oxygen  deficiency  would  reach  to  1500  meters. 
Black  sediments  would  develop  over  depth  ranges 
larger  than  this,  because  of  the  oxygen  loss  in 
interstitial  waters.  The  reduction  in  oxygen 
content  could  be  derived  simply  from  warming 
the  water,  reducing  oxygen  solubility,  without 
any  recourse  to  "sluggish  circulation"  or  "poor 
ventilation". 

The  most  interesting  aspect  of  the  oxygenation 
of  Cretaceous  oceans  is  that  it  is  delicately 
balanced.  This  allows  small  fluctuations  in 
regional  productivity  and  circulation  to  result 
in  great  changes  in  living  conditions  and  in  pres¬ 
ervation  of  organic  carbon  and  shell  carbonates:. 
Consider,  for  example,  the  organic  carben:contents 
in  deep  sea  sediments  of  the  Cretaceous  South 
Atlantic.  -  In  the  middle  Cretaceous,  this  ocean 
was  in  the  early  stages  of  opening.  It  had  a  sill 
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to  the  south  (Rio  .'rande-Walvis  Ridge)  and  a  slow¬ 
ly  opening  seaway  to  the  north  (Forster,  1978). 

The  local  supply  of  organic  carbon,  planktonic  and 
terrigenous,  provided  sufficient  oxygen  demand  for 
temporary  anaerobism  (Figure  8). 

The  data  compiled  by  Thiede  and  van  Andel  (1977) 
show  that  carbon  preservation  fluctuated  consider¬ 
ably  at  all  depths,  suggesting  a  fluctuation  of 
oxygen  content  around  a  ow,  critical  level. 
Presumably,  changes  in  deep  circulation  pattern 
(estuarine  versus  anti-estuarine)  in  the  South 
Atlantic  Bight  could  have  produced  such  patterns. 
Incidentally,  the  data  are  compatible  with  the 
multiple  oxygen  minimum  concept  (Figure  7). 

Analogous  fluctuations  -  in  this  case  expressed 
as  alternations  of  greenish  and  reddish  clays  and 
marls  -  are  also  seen  in  Cenomanian  ridge  crest 
sediments  oi  the  North  Atlantic  fSite  137,  Leg  14) 
and  In  late  Aptian  to  Turonian  hemipelagic  sedi¬ 
ments  of  Site  367,  Leg  41  (Dean  et  al. ,  1978). 

A  delicate  balance  between  oxygen  supply  and  de¬ 
mand  is  indicated.  The  effects  of  such  a  balance 
on  carbonate  preservation  have  been  discussed  by 
Berger  and  von  Raa  (1972)  who  postulated  that  the 
CCD  was  tied  to  the  fluctuating  lower  limit  of  a 
deep  oxygen  minimum. 

The  relationship  between  oxygenation  and  car¬ 
bonate  preservation  can  be  generalized  from  a 
selection  of  present-day  analogues  (Figure  9). 

The  extremely  rapid  change  of  preservation  seen 
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PERCENT  ORGANIC  CARBON 

Variation  of  the  organic  content  of 
South  Atlantic  sediments;  as  a  function  of  palet 
depth  for  two  time  periods  in  the  Creta-eous, 
according  to  Thiede  and  van  Andel  (1977).  Note 
tfie  largc  range  of  carbois  values  within  each 
depth  interval. 
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COMBUSTION  OF  REACTIVE  CARBON 
AT  INTERFACE 

Fig.  9.  Proposed  relationship  between  the  com¬ 
bustion  of  organic  matter  and  the  preservation  of 
calcareous  shells,  at  depths  above  the  oceanic 
lysocline.  Analogues:  Case  X,  Santa  Barbara 
Basin  (Berger  and  Soutar,  19’0);  Case  IX,  Kiel 
Bay,  Baltic  Sea  (Wefer,  1976);  Cases  III  and  IV, 
present-day  continental  slope,  and  deep-sea  floor 
(Berger,  1970a). 

in  Cretaceous  deep-sea  sediments  from  Site  137 
and  also  reported  from  other  sites  and  from  epi¬ 
continental  seas,  -can  be  explained  by  a  flip- 
flop  situation  involving  the  exact  level,  within 
the  sediment,  of  sulfate  reduction.  If  sulfate 
reduction  takes  place  on  the  surface  of  the  sedi¬ 
ment,  the  associated  increase  in  alkalinity  can 
preserve  carbonate  on  the  sediment  surface.  If 
sulfate  reduction  takes  place  below  the  inter¬ 
face,  the  increase  in  alkalinity  may  come  too 
late  to  prevent  dissolution  at  the  interface.  In 
contrast,  the  Neogene  setting  makes  for  much 
gentler  transitions  between  well  and  poorly  pre¬ 
served  shell  carbonate. 

The  fundamental  difference  of  the  Neogene  CCD 
(the  phenomenon  on  which  the  CCD  concept  is  based) 
and  the  Cretaceous  "CCD"  derives  from  the  great 
importance  of  temper iture  stratification  in  the 
Neogene  ocean,  and  of  oxygenation  in  the  Creta¬ 
ceous  ocean  (Fig.  10).  When  mapping  carbonate 
preservation  patterns  in  the  Cretaceous,  there¬ 
fore,  a  strong  depth  gradient  cannot  be  assumed 
a  priori.  A  statement  that  the  CCD  rose  to  the 
surface,  for  example,  is  not  necessarily  mean¬ 
ingful  in  the  Cretaceous  setting:  dissolution  can 
occur  in  shallow  waters  while  carbonate  deposi¬ 
tion  proceeds  at  depth. 

If  the  delicate  balance  of  oxyty  in  Cretaceous 
oceans  holds  the  key  to  sedimentation  patterns,  we 
should  ask  how  this  balance  is  brought  about. 

Why  not  widespread' cnaerobism? 

The  oxygen  content  of  the  water  nay  be  expressed 
as  follows 


X  «  x  -  A  dx/dt 
o 

where  x0  is  the  initial  oxygen  content,  dx/dt  is 
the  rate  of  combustion,  and  A  is  the  age  of  the 
water,  that  is  the  time  span  since  last  equili¬ 
brated  with  the  atmosphere.  Xq  for  Mid-Cretaceous 
deep  waters  may  be  taken  as  near  5  ml  per  liter 
of  oxygen,  assuming  saturation.  There  is  strong 
negative  feedback  on  changes  in  A  and  dx/dt.  The 
quotient  dx/dt  depends  on  the  supply  of  organic 
carbon,  which  in  turn  depends  on  the  rate  of  re¬ 
cycling  of  nutrients,  which  depends  on  the  average 
value  of  A  and  on  rates  of  decay.  For  large  A, 
the  quotient  dx/dt  becomes  small:  this  is  the 
first  feedback  mechanism  tending  to  maintain  a 
balance.  Also,  rates  of  decay  decrease  as  x  be¬ 
comes  small.  A  itself  tends  toward  an  equilibrium: 
at  times  of  low  circulation  drive,  stabilit.  •>lso 
is  low,  and  vice  versa.  Another  important  feed¬ 
back  mechanism  involves  sedimentation.  If  oxyty 
drops,  organic  matter  is  locked  up  in  sediments 
together  with  nutrients  (Broecker,  1969).  Thus, 
dx/dt  drops  and  oxygen  depletion  is  retarded. 
Complete  oxygen  deficiency,  therefore,  is  always 
a  local  or  regional  phenomenon  involving  nutrient 
influx  (or  carbon  influx)  from  outside  the  system 
under  study.  The  one  exception  to  this  rule  is  a 
temporary  imbalance  on  the  time  scale  of  a  few 
times  A.  A  sudden  increase  of  nutrient  input,  or 
of  low  salinity  or  high  salinity  water  could 
create  such  an  imbalance.  This  would  happen  if 
the  ocean  connects  up  to  a  previously  closed 
basin  such  as  the  South  Atlantic  in  the  mid- 
Cretaceous  or  the  Arctic  at  the  end  of  the 
Cretaceous,  by  tectonic  events. 

If  oxygen  supply  and  oxygen  uptake  are  indeed 
balanced  so  that  overall  anaerobism  does  not 
develop,  we  get 
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Fig.  JO.  Sketch  of  suggested  general  ranges 
of  saturation  profiles,  in  Neogene  (left)  and 
in  mid-Cretaceous  (right)  time.  Neogene  char¬ 
acterized  by  high  oxygen  concentrations,  up- 
welling  at  margins,  high  fertility,  relatively 
stable  CCD,  high  rates  of  chemical  erosion, 
high  fate  of  deposition.  Mid-Cretaceous  char¬ 
acterized  by  low  oxyty,  propensity  for  mid- 
ocean  overturn,  low  fertility,  unstable  "CCD", 
low  rates  of  chemical  erosion,  low  rates  of 
deposition.  (Horizontally  ruled  area  indicates 
general  range  of  saturation  profiles.) 
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x  >  A  dx/dt, 
o 


and  dx/dt  <  x  /A 
o 


If  A  tends  to  equilibrium,  while  xc  varies  with 
temperature,  the  effect  is  that  warming  of  an 
ocean  will  decrease  the  maximum  possible  produc¬ 
tivity  of  the  ocean,  as  reflected  in  dx/dt. 

A  Focus  for  Paleoceanography 
The  History  of  Productivity 

According  to  A.  Defant  the  central  problem  of 
oceanography  is  the  circulation  of  the  ocean, 
while  according  to  G.  G.  Simpson  the  central  prob¬ 
lem  of  earth  sciences  is  surely  the  evolution  of 
life.  Paleoceanography  embraces  both  these  view¬ 
points:  the  simple  equation  just  discussed  relates 
the  fertility  and  chemistry  to  the  physics  of  the 
ocean,  and  these,  to  paraphrase  G.  E.  Hutchinson, 
provide  the  ecologic  theater  within  which  the  dra¬ 
ma  of  evolution  can  unfold. 

There  are  two  aspects  to  this  drama,  which  are 
inherent  in  the  earlier  discussions  of  "trends" 
and  "events".  They  are  the  general  setting  and 
its  gradual  change  on  the  one  hand,  and  the 
drastic  i evolutions  in  regimes  on  the  other. 

As  regards  the  setting,  the  fertility  of  the 
ocean  is  the  central  problem  of  paleoceanography. 
This  was  recognized  by  Bramlette  (1965)  and 
emphasized  especially  by  Tappan  (1968).  The 
history  of  the  ocean  must  be  read  from  the  pres- 
served  record  of  shells,  organic  matter,  and 
authigenic  minerals.  The  fertility  of  the  ocean 
is  the  primary  agent  responsible  for  the  aspects 
and  distribution  of  the  .e  deposits.  The  fertility 
gradient  -  together  with  the  depth  gradient  - 
therefore  provides  a  convenient  way  to  classify 
marine  sediments  other  than  elastics  (Olaussou, 
1966;  Berger,  1976).  The  fertility  level  strongly 
influences  the  overall  geochemical  and  biological 
activity.  A  low  level  allows  the  development  of 
near-equilibrium  ("Sillen  Ocean") ,  while  a  high 
fertility  level  provides  for  disequilibrium 
("Harvey  Ocean").  On  the  whole,  Neogene  oceans 
represent  the  Harvey  type,  while  Cretaceous  oceans 
are  close  to  the  Sillen  type  (Figure  11) .  The 
Paleogene  oceans  represent  a  transition  period. 

The  fundamental  differences  between  a  Sillen 
Ocean  and  a  Harvey  Ocean  lie  in  the  near-satura¬ 
tion  with  bio-substances  (carbonate,  silica, 
nutrients)  in  the  former,  and  the  pronounced 
undersaturation  with  biorsubstances  in  the  latter 
(Berger  and  Roth,  1975).  Saturation  favors  pres¬ 
ervation  of  precipitated  matter  and  undersatura¬ 
tion  favors  redissolution  (and  hence  reprecipita¬ 
tion)  . 

In  the  Harvey  Ocean,  redissolution  and  reprecip- 
itation  allow  for  fractionation  of  carbonate  from 
silica, phosphate  and  organic  carbon.  Consequent¬ 
ly,  in  the  Neogerte,  the  different  facies  are 
nicely  separated.  In  the. Sillen  Ocean,  there  is  a 
tendency  for  biogenic  precipitates  to. stay  where 
they  fell.  This  takes  for  interesting  interlay- 
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ering  of  carbonate, black  shale  and  siliceous  de¬ 
posits. 

Many  of  the  Cretaceous  marine  deposits  on  land 
and  in  the  deep  oce*"  appear  to  be  of  a  rhythmic 
or  cyclic  nature.  Presumably  this  is  a  sign  of 
amplification  of  small  quasi-periodic  disturbances 
in  the  chemistry  and  fertility  of  the  ocean.  In 
the  absence  of  ice  sheets  or  large  land  areas 
with  their  albedo  feedback  mechanisms,  it  Is  not 
immediately  obvious  how  small  input  signals  can  be 
amplified.  Variations  in  fertility  —  increased 
productivity  raises  the  albedo  —  and  associated 
changes  in  oxygenation  and  pC(>2  could  provide 
such  an  amplification  system. 

The  Times  of  Crisis 

The  other,  equally  important  aspect  of  evolution 
of  the  ocean  and  of  its  life  is  the  punctuation  of 
the  marine  record  by  major  crises.  On  land,  these 
times  of  crisis  generally  tend  to  be  marked  by 
hiatuses,  a  fact  which  originally  facilitated  the 
drawing  of  boundaries  between  the  segments  of 
Earth  history.  The  true  nature  of  the  boundaries 
can  best  be  determined  in  continuous  sections 
from  the  deep  sea. 

Although  all  boundaries  between  the  traditional 
Mesozoic  and  Cenozoic  periods  are  worthy  of  scru¬ 
tiny,  the  Cretaceous-Tertiary  boundary  has  re¬ 
ceived  the  most  attention.  It  is  beyond  the  scope 
of  this  paper  to  review  the  evidence  pertaining 
to  this  major  break  in  evolution,  and  the  wealth 
of  arguments  and  speculations  brought  to  bear  on 
the  problem.  Here  I  wish  merely  to  emphasize  that 
purely  oceanographic  considerations  can  provide  a 
testable  hypothesis  for  this  event  as  well  as  simi¬ 
lar  ones  before  and  after. 

The  Cretaceous-Tertiary  boundary  was  recently 
penetrated  at  two  sites  in  the  South  Atlantic, 
apparently  with  recovery  of  a  continuous  record 
in  both  cases  (Site  356,  Leg  39,  Premoli-Silva 
and  Boersma,  1977;  Pcrch-Nielsen,  1977;  Site  384, 
Leg  43,  Thierstein  and  Okada,  in  press).  The 
boundary  is  characterized  by  wholesale  extinction 
of  a  diverse  calcareous  nannofossil  assemblage 
and  replacement  by  a  low  diversity  flora  domin¬ 
ated  vy  neritic  forms  (Thoracosphaera ,  and  sub¬ 
sequently  Braarudosphaera) ,  as  previously  noted 
by  Bramlette  (1965).  As  is  well  known,  and  much 
discussed,  all  other  plankton  is  greatly  affected 
by  the  boundary  event,  as  well  as  a  host  of  marine 
and  terrestrial  creatures,  from  ammonites  to  dino¬ 
saurs'  (Beland  et  al.,  1977). 

The  evidence  from  deep-sea  drilling  shows  that 
the  plankton  extinction  occurs  within  a  very  short 
time  (Thierstein  and  Okada,  in  press),  which  makes 
Bramlette? s  (1965)  starvation  mechanism  unattrac¬ 
tive  other  than  as  an  overall  conditioning  factor. 
Tha  same  criticism  applies  to  all  other  gradualist 
explanations,  such  as  changes  in. shelf  area  and 
other  geographic  configurations.. 

We  are  faced,  then,  with  the  necessity  of  ex¬ 
plaining  a  geologically  short,  essentially 
catastrophic  event. 
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Fig.  11.  Sketch  of  facies  distribution  in  mid 
to  late  Cretaceous  time,  in  a  fertility-depth 
frame.  Compiled  and  generalized  from  various 
sources. 


How  can  a  sudden  global  change  be  provided 
through  a  purely  oceanographic  mechanism,  without 
resorting  to  extraterrestrial  events?  The  most 
obvious  way  of  changing  the  oceanographic  setting 
rather  quickly  is  to  open  or  to  close  a  passage 
between  different  ocean  basins  (Berggren  and 
Hollister,  1974,  19771.  To  bring  about  a  catas¬ 
trophe  for  living  things,  however,  the  waters  of 
one  basin  must  be  incompatible  with  the  organisms 
in  the  other.  We  are  looking,  then,  for  an  iso¬ 
lated  basin  which  will  swamp  the  global  ocean  with 
"bad"  water. 

There  is,  at  the  end  of  the  Cretaceous,  only  one 
good  candidate:  the  Arctic  Basin.  According  to 
the  reconstructions  of  Smith  and  Briden  (1977), 
this  basin  was  closed  to  the  Atlantic  and  may  have 
been  closed  to  the  Pacific  at  least  below  shelf 
depth.  Also,  according  to  Smith  and  Briden  (1977), 
the  Labrador  Sea  opened  an  access  between  the 
North  Atlantic  and  the  Arctic  Sea  during  the 
latest  Cretaceous  and  earliest  Tertiary  (Figure 
12). 

The  implications  of  a  geologically  sudden  open¬ 
ing  of  a  seaway  to  a  previously  isolated  Arctic 
have  been  pointed  out  by  Gartner  and  Kaany  (1978a, 
b)  and  are  discussed  in  some  detail  by  Thierstein 
and  Berger  (1978).  The  following  line  of  reason¬ 
ing  closely  parallels  their  arguments. 

The  Aicc' e,  as  today,  was  in  a  position  beyond 
the  polar  circle.  The  equability  of  late  Creta¬ 


ceous  and  early  Tertiary  climates  excludes  wide¬ 
spread  ice  formation,  and  demands  transport  of 
large  amounts  of  heat  into  the  area  by  the  latent 
heat  of  precipitation,  no  strong  ocean  currents 
being  available  for  heat  transport.  Thus,  the 
surface  waters  of  the  Arctic  had  low  salinity. 
Assume  the  Arctic  was  cut  off  from  both  the 
Pacific  and  the  Atlantic,  even  briefly,  during 
the  latest  Cretaceous  regression.  The  Arctic 
would  have  developed  into  a  freshwater  lake.  Its 
area  presumably  was  about  the  same  as  now  (Smith 
and  Briden,  1977).  If  its  volume  also  was  the 
same,  about  1.3  percent  of  the  water  of  the  oceans 
would  have  resided  in  a  fresh  water  body  (Sverdrup 
Johnson,  Fleming.  1942).  If  this  water  had  been 
instantaneously  available,  say,  within  a  few  hun¬ 
dred  years,  it  would  have  provided  a  thick  layer 
of  diluted  seawater  on  the  world  ocean. 

Assume  the  water  has  to  be  diluted  to  well  below 
normal  salinity,-  but  not  below  20  per  mil  or  so, 
to  allow  survival  of  coastal  forms  of  calcareous 
nannoplankton,  as  today  in  the  Black  Sea  (Bukry, 
1974).  Assume  further  that  this  dilution  has  to 
include  the  photic  zone,  about  150  meters  in  clear 
ocean  waters.  An  addition  of  50  meters  worth  of 
fresh  water,  mixing  to  150  meters,  could  produce 
the  observed  effects  on  oceanic  plankton.  The 
effect  can. be  stretched  out  over  several  thousand 
years -by^providing  only  a  small  breach  to  begin 
with,  with  mixed  fresh  and  saline  waters  entering 
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EARLY  PALEOCENE 

Fig.  12.  Continental  positions  in  early  Paleocene, 
showing  conditions  favorable  for  isolation  of  the 
Arctic  Ocean.  From  St.ith  and  Briden  (1977) , 
simplified. 

the  Atlantic  and  using  up  part  of  the  reservoir. 
Repeated  isolation  also  would  be  possible.  The 
crisis  would  come  when  the  breach  is  wide  and  deep 
enough  for  catastrophic  replacement  of  Arctic 
waters,  by  deep  saline  inflow  from  the  Atlantic. 

The  effects  on  open  ocean  plankton  from  such  an 
inflow  of  fresh  water  would  be  devastating,  but 
not  on  coastal  forms.  Benthic  organisms  below 
the  mixed  layer  would  be  unaffected,  as  observed 
(Douglas,  1973;  L.  Tjalsma,  ps.  comm.,  June,  1978). 
A  strong  oxygen  minimum  would  develop  ("boundary 
shale"  of  Percival  and  Fischer,  1977)  and  CO2 
would  build  up  in  the  ocean  as  well  as  decrease  in 
the  atmosphere,  as  postulated  for  the  deglaciation 
event  (Berger,  1978).  A  strong  warming  in  the 
tropics  might  be  expected  from  the  presence  of  a 
thin  layer  of  water  thermally  isolated  from  the 
deep  ocean,  but  a  strong  cooling,  lasting  perhaps 
no  longer  than  a  few  hundred  years,  would  be  ex¬ 
pected  from  a  subsequent  reduction  of  atmospheric 
CO2.  The  ocean  eventually  would  turn  over  and 
after  another  warming  event  (from  addition  of  the 
CO2  stored  in  deep  waters,  to  the  atmosphere) , 
things  would  be  much  like  before  -  except  for  ex¬ 
change  with  the  Arctic. 

If  the  "extinction^-by-low  salinity"  model  should 
prove  to  be  attractive  —  and  the  stable  isotope  re¬ 
cord  suggests  that  this  is  the  case  (Thierstein 
and  Berger,  1978)  -  it  will  be  worth  considering 
the  Eocene-Oligocenc  boundary  under  a  similar  as¬ 
pect.-  Talwani  and  Eldholm  (1977):  show  the 
Greenland  Sea  opening; just  about  at  boundary  time, 
while  the  Labrador  Passage  had  closed  in  the 
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Eocene,  according  to  Smith  and  Briden  (1977). 

Within  the  Noegene,  there  is  another  analogous 
event,  in  this  case  involving  an  isolated  saline 
basin  (Hsu,  Cita,  Ryan,  1973;  Cita  and  Ryan, 

1973).  Again,  exchange  with  the  world  ocean  of 
this  isolated  basin  marks  the  end  of  a  geologic 
period  (the  Miocene),  again  a  fall  of  sea  level 
appears  to  have  triggered  isolation  (Adams  et  aK , 
1977).  Taking  this  line  of  reasoning  even  further 
one  might  investigate  the  possibility  that  the 
major  Phanerozoic  mass  extinctions,  beginning  with 
the  Permian  Termination  were  associated  with  in¬ 
jection  of  "bad"  water  from  temporarily  isolated 
basins  (Berger  and  Thierstein,  1979). 

Charting  the  productivity  of  the  oceans  through 
time,  and  defining  in  detail  the  exact  sequence 
of  events  at  the  boundaries  between  the  major 
segments  of  ocean  history,  is  a  major  challenge. 

It  is  a  challenge  that  needs  to  be  taken  up  if  we 
are  to  understand  ocean  circulation,  ocean  chem¬ 
istry,  the  food  chain  structure,  and  the  evolu¬ 
tion  of  life  in  the  sea  and  ultimately  on  the 
ent-'re  planet. 
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Abstract.  We  studied  biosiliceous  and  volca- 
nogenic  sediments  in  all  Atlantic  DSDP  sites  and 
the  decrease  of  their  diagenetic  potential  dur¬ 
ing  the  transformations  of  skeletal  opal  and 
volcanic  glass  into  authigenic  silica  and  sili¬ 
cates  in  response  to  age,  burial  depth,  and 
lithofacies. 

The  distribution  of  biogenic  and  authigenic 
silica  in  Early  Cretaceous  to  Neogene  sediments 
(Fig.  5)  is  mainly  controlled  by  variations  of 
basin  geometry  (sea  floor  spreading),  paleo- 
circulation  (upwelling)  and  paleocliroate. 

High  plankton -productivity  and  sedimentation 
rates  favor  the  preservation  of  biogenic  opal 
and  later  diagenetic  transformations  after  the 
dissolution  of  the  skeletons.  The  intensity  of 
the  dissolution  of  biogenic  opal  correlates  of¬ 
ten  positively  with  the  proportion  of  authigenic 
silica  and  silicates.  In  Atlantic  sediments, 
clinoptilolite  and  opal-CT  (disordered  low-tem¬ 
perature  cristobalite/tridymite)  are  associated 
with  siliceous  organisms,  whereas  the  alteration 
of  volcanic  glass  leads  to  the  precipitation  of 
authigenic  smectite  and  phillipsite  and  not  to 
the  formation  of  porcellanites.  Opal-CT  which 
crystallizes  from  solution- during  intermediate 
diagenesis  after  an  early  calcite  cement  gene¬ 
ration  is  always  the  first  authigenic  silica 
phase  formed  during  silicification.  At  the  same 
time  accessory  quartz  is  directly  precipitated 
in  porcellanites  and  fills  voids  or  replaces 
calcitic  fossils.  Genuine  quartz  cherts  were 
never  formed  without  an  opal-CT  precursor. 

In  general,  silica  diagenesis  proceeds  as  a 
maturation  from  biogenic  opal  (opal- A)—* opal-CT-* 
quartz.  This  is  supported  by  the  lack  of  quartz 
cherts  in  post-Eocene  sediments  and  by  pseudo- 
morphs  after  opal-CT  spherules  in  quartz  cherts. 
The  rate  of  these  transformations  depends  mainly 
on  the  rate  of  dissolution  of  biogenic  opal 
which  controls  the  concentration  of  dissolved  in¬ 
terstitial  silica  and’ oh- the -rate  of  solid-state 
structural  ordering  of  opal— CT  which  promotes  the 
reorganization  to  quartz.  ^ 

In  general ,  the  transition  from  opal-A  to 
opal-CT  goes  through  a  solution  step.  On  the 
other  hand.opaline  skeletons  may  also  be 


transformed  in  situ  into  opal-CT.  Quartz,  how¬ 
ever,  appears  to  be  formed  from  opal-CT  by 
a  "quasi-solid-solid"  microstructural  conversion. 
This  is  evident  from  well-preserved  quartz-re¬ 
placed  opal-CT  spherules  and  skeletons. 

Although  age/burial  depth  diagrams  (Fig. 10, 11) 
show  a  wide  overlap  of  the  stability  fields  of 
opal-A,  opal-CT  and  quartz,  a  general  positive 
correlation  of  the  "maturity"  of  the  silica 
phases  with  those  parameters  is  indicated.  Sur¬ 
prisingly,  primary  opal-A,  opal-CT  and  quartz 
occur  together  in  Paleocene/F.ocene  sediments.  In 
the  Pacific  the  overlap  of  opal-CT  porcellanites 
and  quartz  cherts  is  more  distinct  than  in  the 
Atlantic.  This  marked  discontinuity  of  silica 
diagenesis  (i.e.  the  alternation  of  opal-A 
sediments  and  porcellanites  or  of  porcellanites 
and  quartz  cherts)  resembles  carbonate  diage¬ 
nesis,  where  local  reversals  in  the  degree  of 
lithification  with  increasing  burial  depth  are 
a  common  phenomenon. 

The  youngest  opal-CT  occurs  sporadically  in 
diatomaceous  and  ashy  sediments  of  Pliocene  and 
Miocene  age.  However,  silicification  becomes 
more  significant  in  30-40  m.y.  old  rocks.  The 
conversion  of  biogenic  opal  to  authigenic 
opal-CT  is  slightly  accelerated  in  carbonate 
host  rocks,  whereas  clayey  facies  retards  the 
opal-CT-* quartz  transformation  considerably. 

But  in  many  cases  the  mode  and  rate  of  silica 
transformations  cannot  be  sufficiently  explained 
by  the  factors  time,  burial  depth,  temperature, 
and  host  rock  facies  alone. 

Introduction 

The  detailed  study  of  Deep  Sea  Drilling 
samples  during  the  past  decade  has  yielded  many 
new  insights  into  silica  diagenesis  which  could 
not  be  gained  from  investigations  of  silicified 
sediments  exposed  bn  land; 

As  age,  burial  depth  or  temperature,  pore 
>  ater  chemistry  and  lithofacies  of  these  deep- 
sea  sediments  vary  widely;  all  progressive  dia- 
genetic  -conversion  stages  of;  the  original*- un¬ 
stable  biogenic  or  volcanogenic  silica  to  por¬ 
cellanites  and  authigenic  silicates,  and  finally 
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Table  1.  Mineraiogical  and  genetic  classifica¬ 
tion  of  silicified  sediments.  Transitions  between 
A,B,  and  C  are  common. 

A.  "IMMATURE"  WEAKLY  SILICIFIED  ("PORCELLANEOUS" 
SEDIMENTS:<  50%  authigenic  SiO_. 


opal-CT»  quartz 


opal-A  :  dissolved  and/or  replaced 
by  opal-CT  (in  situ) 

opal-CT  :  predominant  (in  matrix  and  pores) 
diag.qtz:  minor  amounts,  filling  a.  i  repla¬ 
cing  fossils 


C.  "MATURE"  QUARTZ  CHERTS 
»  50%  authigenic  silica: 
quartz  »  opal-CT;  no  opal-A. 


to  quartz  cherts  can  be  investigated  under  the 
widest  possible  range  of  natural  conditions. 

During  this  process  the  "diagenetic  potential" 
(Schlanger  and  Douglas,  1974)  decreases  from  a 
maximum  value  (e.g.  in  siliceous  oozes)  to  zero 
(in  quartz  cherts). 

Diagenesis  complicates  the  interpretation  of 
the  depositional  conditions  of  sedimentary  se¬ 
quences,  because  it  destroys  paleoenvironment 
indicators  and  leads  to  the  formation  of  new 
minerals  and  rock  types.  Hence,  the  investiga¬ 
tion  of  these  neoforraations  is  directed  towards 
(1)  the  recognition  of  the  silica  sources,  (2) 
the  relationship  of  the  depositional  paleoen¬ 
vironment  (e.g.  siliceous  oozes  under  upwelling 
conditions)  and  the  present  "  diagenetic  facies", 
and  (3)  the  nature  and  causes  of  the  silicifi- 
cation  processes. 

One  of  the  major  controversies  in  this  field 
is  the  role  that  the  lithofacies  of  associated 
sediments  may  play  in  determining  the  nature  and 
rate  of  diagenetic  silica  transformations. 

Publications  on  biogenic  and  authigenic  silica 
in  the  Pacific  and  Indian  Oceans  are  numerous 
(e.g.  Heath. and  Kbberly,  1971;  Weaver  and:Wise, 
1972;  Heath,  1973;  Lancelot,  1973;  Leclaire . 

1974;  Johnson,  1974;  Keene ,  1975;  Garrison  et  al . , 
1975;  Kelts,  1976;  Hein  et  al.,  1976).  and  Keene 
(1976)  has  written  a  very  complete  synthesis  on 
silica  diagenesis  in  the  Pacific  Basin.  The  li¬ 
terature  on  the  Atlantic  Ocean,  however,  is  very 
scattered  (e.g.  Calvert;  1971;  1974;  1977; 

Berger  and  von  Rad,  1972 ;  Wise  et  al. ,  1972; 
Greenwood,  1973;  von  Rad  arid  Bosch.  1974;  Wise 
ahdSWeaver,  1974)  .  ’  '  "  "  ■  "  ’ 


Therefore,  we  have  attempted  to  summarize  in 
this  paper  the  results  of  our  own  petrographies! 
and  mineraiogical  investigation  of  34  North  At¬ 
lantic  DSDP  Sites  from  Legs  1-3.  11-14  (von  Rad 
and  Rosch,1974,  and  unpublished  data),  41  (von 
Rad  et  al.,  1977),  43  (Riech  and  von  Rad,  in 


press),  47  (Riech,  in  press(l))  and  50.  (Riech, 
in  press  (2)).  We  have  discussed  and  synthesized 
also  the  published  data  from  the  remaining 
54  Atlantic  DSDP  Sites  containing  authigenic  „ 
and/or  biogenic  silica  (Fig.  5,  Table  2). 

Whereas  our  petrographical  approach  to  silica 
diagenesis  is  strictly  empirical,  other  resear¬ 
chers  have  investigated  selected  chemical  and 
physical  properties  and  diagenetic  factors  (e.g. 
time,  temperature,  pore  water  chemistry)  by 
experiments  (e.g.  Hurd  and  Theyer,  1977;  Ernst 
and  Calvert,  1969;  Stein  and  Kirkpatrick,  1976; 


rlorke  et  al. ,  1975;  and  especially  Kastner  et 
al. ,  1977).  Only  a  combination  of  these  efforts 
will  help  to  solve  the  open  questions  in  this 
field. 

Analysis  and  Classification  of  Silicified 
Sediments 

The  three  principal  pure  silica  phases  present 
in  deep-sea  sediments  are  (1)  amorphous  opal-A, 

(2)  metastable  opa’ -CT  (disordered  low-tempera¬ 
ture  cristobal'ite/tridymite),  and  (3)  stable 
quartz  (nomenclature  after  Jones  and  Segnit,  1971). 
Figure  1  shows  typical  SEM  photos  of  the  three 
modifications  and  describes  their  mineralogy, 
ultrastructure,  and  genesis.  We  did  not  identify 
an  inorganic  SiO^-phase  "opal-A"'  (Hein  et  al., 
1978). 

The  silica  varieties  were  determined  by  opti¬ 
cal,  scanning  electron  microscope  (SEM)  and 
X-ray  diffraction  analyses  (XRD),  described  in 
von  Rad  and  Rosch  (1974)  and  von  Rad  et  al. 

(1977).  Since  it  is  difficult  to  distinguish  by 
XRD  opal-A  from  other  X-ray  amorphous  matter,  the 
mineraiogical  composition  of  siliceous  skeletons 
was  studied 'by  measuring  refractive  indices. 

Our  classification  of  silicified  sediments 
(Table  1)  is  mainly  based  on  a  semiquantitative 
estimate  of  silica  mineralogy  by  optical  and/or 
XRD  analysis.  Genetically,  we  differentiate  be¬ 
tween  "bedded"  varieties  in  clayey  or  siliceous 
environments,  and  "nodular"  types  (or  "flints"), 
characteristic  for  calcareous  sediments.  In  agree¬ 
ment  with  Calvert  (1971,  1977),  we  use  the  term 
"porcellanite"  strictly  in  a  mineraiogical  sense 
(silica  content>50%  with  opal-CT>  quartz ) ,  and 
not  as  a- field  term  for  a  siliceous  rock  which  is 
less  hard,  dense,  and  vitreous  than  chert  ( Braro- 
lette.  1946;  Keene,  1976). 

Source  Material 

Figure  2  shows  the  cycle  of  dissolved  silicon 
in  the  oceans  (Calvert,  1974;  Heath.  1974).  The 
main  input  of  dissolved  silicon  comes  from  the 
continents  or  as  reflux  from  the  interstitial 
waters  into  the  overlying  water  column.  Volcanic 
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sources  (halsyrolysis  of  basalt,  devitrification 
of  ashes,  or  hydrothermal  solutions)  are  of 
a inor  iaj ortance.  Other  sources,  such  as  clay 
minerals  which  can  release  adsorbed  silica,  are 
neglected  in  the  following  discussion.  Most  of 
the  dissolved  silica  is  fixed  as  skeletal  opal  by 
siliceous  organisms  in  the  photic  20ne.  Post 
mortem,  this  silica  is  recycled  by  oxidative 
regeneration  (i.e.  opal  dissolution  during 
protoplasms  oxidation)and  inorganic  dissolution 
of  skeletons  in  the  lower  part  of  the  water  column 
and  at  the  sediment/water  interface.  This  in¬ 
creases  the  silica  and  the  phosphate  content  of 
the  upwelling  waters.  Only  about  2%  of  the  sili¬ 
ceous  organisms  living  in  the  high-productivity 
surface  waters  are  permanently  removed  from  the 
oceanic  silica  cycle  and  enter  the  geological 
record . 

Diagenesis  is  mainly  controlled  by  the  ori¬ 
ginal  distribution  of  opaline  skeletons  and  vol¬ 
canic  glass  in  the  sediments.  Siliceous  organisms 
are  a  much  more  abundant  source  than  volcanic 
material,  especially  in  sediments  of  Cenozoi c 
age  (Fig. 3).  Also  the  "disgenetic  potential", 
indicated  by  the  increase  in  the  ratio  of  dia- 
genetic  products  versus  source  material,  decrea¬ 
ses  with  time;  this  ratio  is  slightly  greater 
than  1  for  Eocene  sediments,  for  which  we  note 
the  well-known  absolute  maximum  for  authigenic 
silica;  the  ra^io  increases  progressively  for 
the  Paleocene  to  Early  Cretaceous  formations. 

Figure  4  shows  the  correlation  of  authigenic 
silica  and  silicates  with  the  cocccurir.g  bio- 
siliceous  or  voicanogenic  material.  In  many 
samples,  authigenic  silica  occurs  together  with 
remains  of  siliceous  organisms,  but  only  in  a 
few  samples  the  volcanic  material  (e.g.  volcaric 
glass)  could  have  caused  the  precipitation  of 
opal-CT.  Our  investigations  from  Site  397  near 
the  Canary  Islands  indicate  that  diagenetic 
alteration  of  volcanic  ash  results  mainly  in  the 
formation  of  phillipsite  and  smectite  (Riech,  in 
press  (1)).  Massive  porcellanites  are  unknown 
in  voicanogenic  horizons  lacking  opaline  skele¬ 
tons,  although  accessory  opal-CT  does  occur.  With 
increasing  age  and  maturity  of  the  silicified 
sediments,  the  relationship  between  the- products 
of  silica  diagenesis  and  their  source  materials 
becomes  more  and  more  obliterated  {Fig-4.}. 

Deposition  and  Preservation  of  Siliceous 
Sediments 

Upwelling  of  nutrient-rich  waters  in  the  sub¬ 
arctic,  subantarctic,  equatorial,  or  eastern 
boundary  current  belts  results  in  high  plankton 
productivity  in. surface  waters . and  ah  increased 
sedimentation  rate  and  preservation  of  siliceous 
organisms.  Thus  even  in  Eocene  to  Oligocene  se¬ 
diments  the  delicate  tests  of  diatoms  are-well 
preserved  ..(Plate  1:  Fig.l) .  The.  first  steps  of 
diagenetic  alteration  are^  the  -incipient  corrosion 
of  siliceous  skeletons  (Plate  3:  Fig.2)oran 
"aging"  of  the  opal-A  surface  ("globulose"  appear-- 
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ance;  see  Plate  1:  Fig. 3).  The  bulk  of  opaline 
tests  was  dissolves  before  or  during  deposition 
(Fig. 2),  as  nowhere  the  ocean  water  is  sore  than 
one-tenth  saturated  with  respect  to  amorphous 
silica-  The  concentra -ion  of  dissolved  silica  in 
pore  waters  of  deep-sea  sediments  is  higher 
than  in  the  corresponding  bottom  waters  (Johnson. 
1974,1976).  This  is  due  to  a  further  dissolution 
of  opaline  skeletons  after  burial.  Part  of  the 
dissolved  silica  is  returned  from  the  surface 
sediments  back  to  the  ocean  (Fig. 25 .  Johnson 
(1976),  however,  assumes  that  only  little  of  the 
Si(0H)4  can  escape  from  sediment  depths  greater 
than  15  cm  into  the  overlying  bottom  water. 

The  interstitial  waters  are  strongly  oversa¬ 
turated  with  respect  to  quartz  and  are  also  sa¬ 
turated  with  respect  to  a  wide  range  of  sili¬ 
cates,  such  as  smectite  and  phillipsite. 

Eergren  and  Hollister  (1974)  connect  the  dis¬ 
solution  of  siliceous  organises  and  the  genesis 
of  porceiianite  with  periods  of  erosion  and 
non-deposition  (e.g.  the  wide-spread  Horizon-A 
chert  in  the  western  lior-h  American  3asin).  Our 
data  and  the  differentiation  between  an  A“- 
reflector  (Eocene  cherts)  and  an  Au  Horizon 
(late  Eocene-01 igocene  continental  margin  un¬ 
conformity)  by  Tucholke  and  Mountain  (1978)  do 
not  support  this  hypothesis-  The  formation  of 
opal-CT  is  only  possible,  if  a  considerable  pro¬ 
portion  of  the  siliceous  organisms  is  not  dis¬ 
solved  until  after  burial.  Thus  the  preserva¬ 
tion  of  biogenic  silica  and  its  later  mobiliza¬ 
tion  and  reprecipitation  as  thick  porceiianite 
beds  is  favored  by  increased,  not  lowered, 
rates  of  (hemiipelagic  sedimentation  (Riech  and 
von  Rad,  in  press). 

Distribution  of  Biogenic  and  Authigenic  Silica 

in  the  Cretaceous  to  Tertiary  Sediments  of  the 
Atlantic  Ocean 

Today,  the  Atlantic  is  a  CaC03-rich  and  si¬ 
lica-poor  "iagoonal"  basin  whicn  loses  itc  nu- 
trier.t-rich  deep  waters  to  the  Pacific  in  ex¬ 
change  for  surface  waters  which  are  stripped  of 
silica  by  opal-secreting  plankton  (Berger,  1970; 
Heath,  1974).  However,  in  the  past  "thalasso- 
cratic”  or  "polytaxic"  times  alternated  with 
"epeirocratic"  or  "oligotaxic"  periods  (Berger 
and  Roth, 1975;  Fischer  and  Arthur.  1977).  During 
"polytaxic  tines"  the  eustatic  sea  level  was  high, 
and- a  warm,  uniform  climate  with  low  vertical 
and  horizontal  temperature  gradients  produced 
widespread  anaerobism,  continuous  pelagic  de¬ 
position,  and 'a  sluggish  circulation  of  silica- 
rich  bo ttom  waters  (Fischer  and  Arthur.  1977). 
Such  conditions  prevailed  105-ra.y.  (Aptian/ 
Albian),  75  m.y.  (Campanian)1,  45  m.y.  (middle 
Eocene),  and  15  ra.y.  ago  (middle  Miocene).  This 
permitted  the  preservation  of  siliceous  tests  in 
the -.sediments  oyer  a  Wider  area  of  the  deep  ocean 
floor -than  during; "oligqtaxic"  pefiods  (e.g. 
Oligocene;  Holocene)  with  their  extensive  regres¬ 
sions,  lower  marine  temperatures,  intensified 


quartz 


•i'M 


metastable,  unidimensiorally 
disordered  low-temperature 
cristobalite/ tridymite 

as  "lepispheres”  (spheres  of  blades)  or  dense 
masses  in  immature  porcellanites.  authigemc 
precipitation  from  pore  solutions;  source 
material:  mainly  opaline  skeletons,  locally 
volcanic  glass;  necessary  precursor  stage  of 
quartz  cherts 


silica  phase  with  highest  stability 


mostly  recrystallized  from  opal-CT  in 
mature  quartz  cherts;  occurrences:  a  recry - 
stallized  from  op?l-CTt  b,  accessory  directly 
precipitated  cement  in  porcellanites;  c,  re¬ 
placing  foraminiferal  tests 


40  m.y./800m 
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80m.y./100m 


common  age/burial  dvpth  of  host 
sediments: 

20- 110  my. 

most  frequently  50m.y./100-?00m 


age:  Atlantic  cherts  mostly  in  sediments 
older  than  60  m.y. 


scale  bar  =  10fim 


Figure  1.  Mineralogy  and  ultras t: urture  of  silica  phases  ocurring  in  deep-sea  sediments. 


circulation,  and  more  efficient  oxygenat  on  of 
C  p  waters. 

Figure  5  shows  the  distribution  of  siliceous 
organisms,  volcanic  debris,  zeolites,  porcellani¬ 
tes,  and  cherts  in  the  Atlantic  DSDP  Sites  (see 
also  Table  2).  We  distinguish  four  time  slices 
representing  the  paleogeography  and  paleobatny- 
metry  of  the  Atlantic  Ocean  during  the  deposi¬ 
tion  of  these  sediments.  We  will  briefly  discuss 
the  impact  of  the  paleogeographic  and  paleooce- 
anographic  setting  of  the  Atlantic  on  the  regio¬ 
nal  distribution  and  preservation  of  siliceous 
sediments  and  the  successive  silica  diagenesis 
following  Ramsay  (1973).,  Bergren  and- Hollister 
(1914),  van  Andel  et  al.  (1977),  Sclater  ot-al. 

' 1977 ) ,  and  McCoy  and .Zimmerman  (1977 ) .  Lack  of 
authigenic  silica  in  many  DSDP  sites  may  be  due 
'O  (1)  lack  of  siliceous  organisms  (e.g.  in  the 
Southeast  Atlantic) ,  (2)  insufficient  burial 
-epth  of  siliceous  sediments  (e,g.  Norwegian 
Sea),  or  (3)  retarded  silica  diagenesis. 


During  Late  Jurassic  times  (not  shown  in 
Fig. 5)  a  narrow  proto-Atlantic  ocean  connected 
the  Tethys  with  the  Pacific.  Siliceous  pelagic 
sediments  (now  converted  to  quartz  cherts)  were 
deposited  in  the  eastern  (Sites  ?67  and  416)  and 
western  (Sites  5  and  99)  tropical  Norti.  Atlantic. 

The  Early  Cretaceous  South  Atlantic  was  a 
narrow  "Mediterranean''-type  ma>~ginal  sea,  connec¬ 
ted  with  the  Southern  0ceen.  Only  the  Cape  Basin 
received  bottom  water"  fi.m  the  zouth;  siliceous 
sediments  (now  porcella-.ites)  a  restricted  to 
the  Falkland  Plateau  (sutantarctic  belt.  Site  330) 
The  North  Atlantic  Basin  was  part  of  the  circum- 
equatorial  sea  connecting  the  Pacific  and  the 
Tethys  Ocean.  South  of  paleolatitude  32  N,  si¬ 
liceous  sediments  occur  along  the  eastern  and 
western  continental  margins  parallel  to  a  postu¬ 
lated  broad  clockwise  gyre  of  fei tile  surface  wa¬ 
ters.  The  restricted  mid-Cretaceous  circulation 
is  characterized  by  black  shales  which  are  often 
associated  with  chert (e.g. Sites  5,137,138,  and  16) . 
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Figure  2.  The  cycle  of  dissolved  Silica  in  the  oceans  (modified  frqm  Heath,  1974, 

Fig. 7).  All  numbers  represent  magnitudes  of  dissolved  silica  in  101  g  Si02/year  (esti¬ 
mates  by  Heath,  1974,  Table  2).  Silica  sources  in  capitals;  transformations  (cycling) 
in  italics;  sol*d  biogenic,  volcanogenic,  or  authigenic  silica  phases  are  stippled. 


At  the  beginning  of  Late  Cretaceous  times,  a 
fully  developed  North  Atlantic  Ocean  was  connec¬ 
ted  for  the  first  time  with  a  narrow  South  Atlan¬ 
tic  permitting  a  longitudinal  surface  water  mass 
and  faunal  exchange.  In  the  South  Atlantic,  sili¬ 
ceous  oozes  (now  cherts)  are  restricted  to  the 
Falkland  Plateau  (Site  327)  and  Rio  Grande  Rise 
(Site  357)  in  the  west.  The  North  Atlantic  (in¬ 
cluding  the  Caribbean  Sea  and  Gulf  of  Mexico) 
was  open  to  equatorial  surface  water  masses 
from  the  Pacific  and  Tethys.  Because  no  cold 
bottom  waters  reached  the  basin  from  the  Arc  -ic 
or  Antarctic,  the  Late  Cretaceous  North  Atlantic 
(south  of  30  N)  developed  as  a  subtropical  car¬ 
bonate  province  with  intermittent  explosive 
blooms  of  siliceous  plankton  (now  mainly  dia¬ 
toms),  especially  during  Campanian  to  Maastrich- 
tian  times  (e.g. Sites  13,369,95,146,152). 

During  Late  Cenomanian  to  Turonian  times,  lami¬ 
nated  bituminous  marls  (rich  in  radiolarian  chert 
nodules)  along  the  Northwest  African  coast  sug¬ 
gest  the  initiation  of  upwelling  conditions 
during  the  development  of  a  modern  North  Atlantic 
circulation  pattern  (Wledmann  et  al..  1978) .  Be¬ 
low  the  CCD,  radiolarian  mudstones  were  depo¬ 
sited  (e.g.Sites  140,368). 

During  Eocene  times  (about  50  m.y.  ago);  the 
Falkland  Plateau  and  the  Rio  Grande  Rise  had 
subsided  sufficiently  to  allow  the  invasion  of 
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cold  "pre-Antarctic  Bottom  Water"  (McCoy  and  Zim- 
mermann.  1977)  into  the  Argentine,  Brazil,  and 
Cape  Basins.  Occurrences  of  siliceous  sediments 
in  the  western  South  Atlantic  indicate  the  influ¬ 
ence  of  subantarctic  nutrient-rich  waters, 
whereas  the  Southwest  African  margin  is  devoid 
of  siliceous  oozes. 

In  the  North  Atlantic,  silica-rich  surface 
waters  flowed  directly  from  the  Pacific  into  the 
Caribbean,  Gulf  of  Mexico  and  the  Atlantic  via 
an  open  Isthmus  of  Panama;  they  produced  a  con¬ 
tinuous  high-fertility  belt  of  biosiliceous  sedi¬ 
ments  in  connection  with  equatorial  and  coastal 
upwelling  (Ramsay,  1973).  The  tropical  Atlantic 
was  also  connected  with  the  Tethys.  Production 
of  siliceous  organisms  along  the  eastern  and 
western  ocean  margins  reached  its  absolute  maxi¬ 
mum  during  the  (late)  early  and  (early)  middle 
Eocene.  The  northernmost  late  Eocene  occurrences 
(Sites  116,340,338)  reflect  the  influx  of  cold 
Arctic  bottom  water  after  the  opening  of  the  Nor¬ 
wegian  Sea  between  Greeni. -d  and  Europa.  A  shal¬ 
low  CCD,  high  plankton  ferti. 'ty  and  an  equabla 
warm  climate  with  silica-rich  sluggish  bottom 
waters  helped  to  increase  silica  deposition 
and; preservation  (Fischer  and. Arthur.  1977). 
Although  Eocene  volcanism  appears  to  have  been 
common  throughout  the  Atlantic  and  especially  in 
the  Caribbean  (Gibson  and  Towe,  1971;  Mattson 
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Figure  3.  Age  distribution  of  Atlantic  sediments  with  common  to  abundant  proportions 
of  siliceous  organisms,  volcanic  material,  authigenic  silica  and  zeolites.  Each  sample 
represents  the  average  sediment  composition  for  the  selected  time  slice  at  each  site. 
100%  =  230  "samples"  from  all  Atlantic  sites,  which  contain  one  or  more  of  the  four 
specified  components  (see  Table  2). 


and  Pessagno,  1971),  submarine  and  subaerial  vol- 
canism  has  probably  contributed  very  little  to 
the  silica  budget  of  the  oceans  (see  Fig. 2; 

Heath,  1974). 

Similar  to  today,  the  deep  water  circulation 
pattern  at  the  Ollgocene/Miocene  boundary  (about 
22  m.y.  ago)  was  dominated  by  a  cold  circumpolar 
source  of  surface  water.  Subsidence  of  the 
southwestern  Atlantic  and  the  invasion  of  Antarc¬ 
tic  Bottom  Water  (AABW)  following  the  establish¬ 
ment  of  a  circum-Autarctic  Current  caused  deposi¬ 
tion  of  siliceous  oozes  in  the  Argentine  Basin 


Figure  4.  Co-occurrence  of  authigenic  silica 
with  biosiliceous  or  .olcanogenic  material 
(100  %  =  all  sample  containing  authigenic  sili¬ 
ca,  "samples"  being  defined  as  in  Fig. 3) . 


(Site  358).  Late  Oligocenr  siliceous  oozes  in 
the  Angela  Basin  reflect-  surface  fertility  con¬ 
nected  with  coastal  upwelling.  In  the  North  At¬ 
lantic  there  are  three  zones  with  comparatively 
high  silicoplankton  productivity:  (1)  the 
northeast  Atlantic  margin  (Sierra  Leone  Rise  to 
Biscay),  where  the  eastern  boundary  (Canary)  cur¬ 
rent  and  upwelling  cause  high  plankton  production: 
(2)  the  subarctic  Atlantic  (Labrador  Sea  to  Nor¬ 
wegian  Sea)  and  (3)  the  (sub)-tropical  western 
North  Atlantic  (south  oi  30°N),  probably  influ¬ 
enced  by  nutrient-rich  equatorial  Pacific  waters. 
The  lack  of  Neogene  porcellanites  in  siliceous 
sediments  off  northeastern  America  and  in  the 
Norwegian  Sea  is  conspicuous. 

Formation  of  Weakly  Opal-CT  Cemented  Sediments 
and  Porcellanites 

In  general,  post-burial  dissolution  of  sili¬ 
ceous  skeletons  (Flate  1:  Fig. 9)  provides  the  sili¬ 
ca  source  for  the  formation  of  opal-CT  and  cli¬ 
noptilolite  (Plate  l:Fig.4).  This  important  cau¬ 
sal  relationship  is  proven  by  the  positive  corre¬ 
lation  of  the  intensity  cf  opal  dissolution  with 
the  quantity  of  authigenic  silica  and  silicates 
present  in  these  sediments  (e.g.  Leg  43:  Riech 
and  von  Rad,  in  press;  Leg  47A:  Riech,  in  press 
(1)).  Considering  this,  the  absence  of  siliceous 
microfossils  in  some  silicified  rocks  is  not  sur¬ 
prising  (Fig. 4  and  6). 

Porcellanites  or  weakly  opal-CT  cemented  sedi¬ 
ments  occur  in  all  facies  types.  The  authigene- 
sis  of  opal-CT  requires  higher  silica  concentra¬ 
tions  in  pore  waters  than  the  precipitation  of 
quartz  (Kastner  et  al. ,  1977).  The  precipitation 
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Figure  5.  Regional  distribution  of  siliceous  organisms,  silicified 
sediments,  zeolites,  and  volcanic  debris  in  Atlantic  DSDP  sites 
averaged  for  sediments  of  four  time  intervals  (Table  2).  Approxi¬ 
mate  paleo-position  of  DSDP  sites,  paleogeography  and  paleobathyme- 
try  simplified  after  McCoy  and  Zimmerman  (in  preparation)  and 
Sclater  et  al.  (1977).  Paleoposition  of  the  Gulf  of  Mexico  and  Ca¬ 
ribbean  sites  highly  speculative.  For  the  northern  North  Atlantic 
the  paleocoastlines  of  mid-Eocene  times  (45  m.y.  ago)  are  shown. 
Note  that  the  depicted  standardized  sediment  parameters  cover  a 
wider  age  range  (e.g.  the  Late  Cretaceous)  than  the  paleogeographic 
maps  (e.g.  "Turonian/Coniacian",  86-88  m.y.  ago).  Paleocurrent  di¬ 
rections  highly  speculative  and  adapted  from  Ramsay  (1973),  Bergren 
and  Holliste  (1974),  and  McCoy  and  Zimmerman  (1977).  Explanation 
of  symbols:  1=  paleocoastline  towards  the  Atlantic,  including  epi¬ 
continental  seas,  2=  present  outline  of  continents,  3=  spreading 
center  (Mid-Atlantic  Ridge  etc.),  4=  3  km  paleoisdbath  (not  shown 
where  it  parallels  the  Mid-Atlantic  Ridge),  5=  5  km  paleo-isobath, 
6=  selected  DSDP  sites  without  biogenic  or  authigenic  silica,  7= 
DSDP  site  with  zeolites  (z)  and/or  volcanic  debris  (v),  8=  DSDP 
site  with  siliceous  organisms,  9=  porcellanite,  10=  quartz  chert,. 
11=  silicified  sediment  (porcellanite  and/or  quartz  chert),  12= 
porcellanite  or  silicified  sediment  +  siliceous  organisms,  13=  por- 
cellanite  +  quartz  chert,  14=  quartz  chert  +  siliceous  organisms, 
15=  siliceous  organisms  +  porcellanite  +  quartz  chert,  16=  paled- 
surface  current,-  17=  paleo-bottom  currents. 
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of  opal-CT  precedes  that  of  quartz,  since  opal- 
CT  has  a  higher  nucleation  and  growth  rate. 
According  to  experiments  by  Kastner  et  al- 
(197?),  the  nucleation  of  opal-CT  is  aided  by 
the  precipitation  of  magnesium  hydroxide. 

Figure  6  shows  schematically  the  early-diage- 
netic  transformations  occurring  in  siliceous  sedi¬ 
ments.  Opal-CT  precipitation  leads  either  to  the 
formation  of  massive  porcellanites  (B  and  D  in 
Fig. 6),  or  to  less  spectacular,  weakly  silici- 
fied  "porcellaneous"  sediments  (Plate  3:  Fig. 

1-3).  Porous  sediments  are  first. cemented,  and 
later  more  or  less  completely  replaced  by  opal- 
CT.  In  some  weakly  consolidated  carbonates,  a 
patchy  siiicification  may  be  observed  with  opal- 
CT  impregnating  the  calcareous  matrix  in  a  dif¬ 
fuse  manner  (Riech  and  von  Had,  in  press) .  This 
contrasts  with  the  sharp  chalk/pdrcellanite/ 
chert  boundaries,  so -typical  for  f lints  all  over 
the  world  (Plate  3:  Fig;6)’.In  sqme  Leg'43  sites* 
the  thickness  of  the  porcellanite  horizons  corre¬ 
lates  positively  withthe  sedimentation  rates - 
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No  appreciable  mobilization  of  biogenic  sili¬ 
ca  takes  place,  if  siliceous  organisms  are 
converted  directly  into  opal-CT  without  having 
passed  through  a  dissolution  stage  (Fig.6:A; 

Plate  1:  Fig. 5-7).  The  walls  of  the  radiolarian 
skeletons  are  thickened  by  active  outward  growth 
of  opal-CT. 

If  biogenic  silica  is  completely  dissolved  and 
the  interstitial  waters  are  undersaturated  with 
respect  to  opal-CT,  authigenic  zeolites,  phyllc 
silicates  and  quartz  can  be  precipitated  instead 
of  opal-CT  (Fig.6:C). 

In  open  cavities  opal-CT  forms  spherical 
aggregates,  so-called  "lepispheres"  (.’late  2: 

Fig. 2, 3;  Plate  3:  Fig. 2, 3, 7).  Isolated  blades 
occur  in  the  initial  stage  (Plate  3:  Fig.l).  The 
conspicuous  "cardhouse"-structure  of  lepispheres 
is  characterized  by  the  constancy  of  angles 
(70°)  between  opal-CT  blades.  This  intergrowth 
can  be  explained  by  the  twinning  laws  of  tridy- 
raite  (see  Florke  etal.,  1976).  On  progressive 
siiicification,  the  lepispheres  grow  together 

RIECH  325 


Original  sediment 

^  -fcr. 

*  -ft- 


r - 

no  significant 

mobilisation  of  biogenic  silica 


Eb  <sfe  -<Br 

L  aTk  (ftl 

in-situ  replacement  of  skeletons 
by  opal-CT 


complete  dissolution 
of  biogenic  silica 


local  mobilization 
of  biogenic  silica 

precipitation  of  opa!  CT  in  nodules 
or  layers  (sHic.  skeletons  partly 
preserved) 


9n\ 


0& 

UtPi 


oversaturation  with  respect  to 
opal-CT  (precipitation);  no  skeletal 
remains  preserved 


no  saturation  with  respect  to 
opal-CT;  authigeoesis  of  zeolites, 
phytlosilicates  and  quartz 


Figure  6.  Schematic  sketch  of  early  diagenetic  transformations  in  siliceous  sedi- 
ments.  1=  unaltered  siliceous  organisms  (opal-A),  2=  siliceous  organisms,  transformed 
into  opal-CT,  3=  authigenic  zeolites,  4=  authigenic  clay  minerals,  5=  nodular  porcel- 
lanite.  A,B,C,D  =  silicification  stages  (explanation  in  text). 


and  gradually  reduce  the  pore  space  (Plate  2: 

Fig. 3).  Finally,  the  spherical  aggregates  may 
completely  disappear:  this  results  in  a  dense  ma¬ 
trix  of  massive  opal-CT.  Massive  opal-CT  may  also 
completely  fill  the  interior  of  the  planktonic 
foraminifera,  including  the  delicate  wall  pores 
(Plate  2:  Fig.l). 

According  to  our  experience,  opal-CT  is  al¬ 
ways  the  first  silica  phase  during  silicifica¬ 
tion.  Apparently,  this  confirms  Ostwald's  step 
rule  stating  that  an  unstable  phase  (opal-A) 
usually  passes  through  one  or  more  intermediate 
phases  before  becoming  structurally  transformed 
into  a  stable  phase  (quartz).  A  comparatively 
small  amount  of  quartz  formed  prior  to  the 
late-diagenetic  conversion  of  opal-CT  into  quartz 
indicating  a  change  in  pore  water  chemistry  to¬ 
wards  decreasing  silica  contents.  Accessory 
quartz  which  commonly  replaces  the  calcitic 
foraminiferal  tests  and  fills  the  open  pores  (cf. 
Heath  and  Moberly.  1971)  does  not  contradict 
Ostwald’s  rule. 

Formation  of  Authigenic  Silicates 

Authigenic  silicates,  such  as  zeolites,  paly- 
gorskite, -sepiolite,  and  smectite  are  formed  if 
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sufficient  aluminum,  alkali,  and  alkali  -  earth 
ions  are  available  in  the  pore  water  and  if  the 
silica  concentration  is  below  the  saturation 
for  opal-CT.  Although  less  conspicuous  than  si- 
licified  rocks,  occurrences  of  disseminated  zeo¬ 
lites  are  more  widespread  in  the  Atlantic  than 
are  the  porcellanites  and  cherts.  Because  this 
low  silica  level  was  often  reached  due  to  the 
precipitation  of  opal-CT,  euhedral  clinoptilolite 
prisms  usually  constitute  the  latest  phase  fil¬ 
ling  the  foraminiferal  tests  after  the  formation 
of  an  (1),  early-diagenetic  calcite  cement  and  (2 
the  second  generation  of  opal-CT  lepi spheres 
(Plate  2:  Fig. 2, 3).  Clinoptilolite  can  also  form 
during  an  increase  of  interstitial  silica  concen¬ 
tration  before  opal-CT  precipitation.  In  a  man¬ 
ner  similar  to  opal-CT,  massi"e  clinoptilolite 
can  also  completely  fill  out  foraminiferal  cham¬ 
bers,  including  the  delicate  wall  pores  (Plate  2: 
Fig. 5,6).  In  the  Atlantic  sediments,  clinopti¬ 
lolite  is  associated  more  frequently  with  par¬ 
tially  dissolved- siliceous  remains  than  with 
volcanogenic  parent  material.  On  the  other  hand, 
authigenic  smectite  and  phillipsite  occur  com¬ 
monly  as  alteration; products  of  volcanic  glass 
and  other  pyroclastics.  In  general ,  this  agrees 
with  the -results  of  -Stonecipher  (1976)  who 
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Figure  7.  Maturation  and  re-ordering  of  thp 
opal-CT  structure  as  a  function  of  burial  depth 
(temperature)  in  DSDP  Site  370  (Moroccan  Basin) 
using  the  precise  position  of  the  d  (101)-  cris- 
tobalite  XRD  peak  near  4.1  55  (from  von  Rad  et  al., 
1977).  Note  exponential  decrease  of  the  d  (101) 
spacing  in  the  porcelanita/chert  zone  below 
550  m. 


found  that  philiipsite  is  usually  associated 
with  comparatively  young,  slowly  deposited  clayey 
or  volcanic  sediments,  whereas  clinoptilolite 
occurs  commonly  in  older  calcareous  sediments 
and  at  greater  burial  depths.  Our  results  from 
Leg  47A,  however,  indicate  that  .philiipsite  is 
stable  also  in  middle  Miocene  to  Pliocene  air 
rail  ash  layers  at  burial  depths  of  39O-8OO  m 
which  are  intercalated  between  quickly  deposited 
calcareous  oozes  (Riech,  in  press  (1)).  Authige- 
nic  philiipsite  forms  with  a  much  higher  nucle- 
ation  rate  (Plate  2:  Fig. 4)  than  clinoptilolite 
(Plate  2:  Fig. 3). 

Although  smectite  is  mainly  of  detrital  ori¬ 
gin  in  deep-sea  sediments,  authigenic  montmoril- 
lonite  occurs  locally  as  alteration  product  of 
volcanogenic  sediments.  Plate .2  (Figure  8)  shows 
an  authigenic  montmorillonite 'formed  in  a  fora- 
miniferal  chamber.  The  complete  filling  of  the 
delicate  wall  pores  bysmectite  (Plate  2:  Fig. 8) 
suggests  actiial'  cementation  of  the  cavities;  rat¬ 


her  than  a  mechanical  introduction  of  clay  mi¬ 
nerals  during  sedimentation. 

Palygorskite  and  sepiolite-ricn,  more  or  less 
silicified  sediments  are  abundant  in  the  Late 
Cretaceous  and  Paleogene  sections  of  many  West 
African  coastal  basins  (Millot,  1970),  in  the 
central  Atlantic  off  West  Africa  between  12 
and  34  N  (Berger  and  von  Rad,  1972;  von  Rad 
et  al. ,  IP-7?),  in  the  Gulf  of  Mexico,  in  the 
Northwest  Arl antic  (Riech  and  von  Rad,  in 
press),  an.  a  the  coastal  basins  of  the  south¬ 
eastern  U.S  (Weaver  and  Beck,  1977).  Several 
authors  (e.g.  Chamley  and  Millot,  1975;  Weaver 
and  Beck.  1977)  postulate  that  most  of  the  paly¬ 
gorskite  and  sepiolite  along  the  West  African 
margin  was  not  precipitated  during  diager.esis 
from  silica-,  Mg-  and  Al-rich  alkaline  solutions 
in  the  deep-sea  environment  (von  Rad  and  Rosch, 
1974),  but  was  recycled  by  river  or  wind  trans¬ 
portation  from  brack4  sh  sediments  deposited  along 
Northwest  Africa  under  (sub)tropical  conditions. 
On  the  other  hand,  distinctly  authigenic  paly¬ 
gorskite  of  hydrothermal  origin  or  from  the  dia- 
genetic  alteration  of  pyroclastics  or  montmoril¬ 
lonite  formed  under  low  temperatures  in  the  deep 


Figure  8.  Isotopic  composition  of  authigenic 
opal-CT  (porcellanites) ,  opal-CT/quartz  mixtures, 
and  quartz  (cherts)  from  BSDP  Sites  366  (middle 
to  early  Eocene,  537-595  rs  burial  depth'  anu  367 
(Ox fordlan.to  Hauterivian,  1000-1130  m  burial 
depth).  £le0  =  or  0  ratio  of  total  oxygen  in 
silica  phase  (silica  +  water);  60=  P/H  ratio  of 
water  extracted  from  opal-CT  or  quartz;  SM0W= 
Standard  Mean  Ocean  Water;  measurements  by  Dr. 

H-  Friedrichsen  (Tubingen).  1=  pure  opal-CT 
(Site  3665,  2=  opal-CT  (Site  356;  Knauth  and  Ep¬ 
stein,  1975),  3=  pure  quartz  from  immature  por¬ 
cellanites  (Site  366),  4=  pu’e  quartz  from  mature 
quartz  cherts  (Site  367),  5=  quartz  cherts  (Sites 
64,  70,  356;  Knauth  and  Epstein.  1975),  6=  cherts, 
more  or  less  in  equilibrium with  occean  water 
(Knauth  and  Epstein,  1976). 
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sea  (Bonatti  and  Joenscu,  j968;  Couture,  1978).  Cretaceous  to  Tertiary  samples,  the  crystallinity 

Independent  of  its  origin,  the  palygorskite  of  quartz  is  not  improved  with  increasing  age  and 

in  deep-sea  sediments  has  been  at  least  partly  burial  depth  (or  temperature). of  the  cherts  (H^ 

influenced  by  diagenesis  (Plata  2:  Fig. 9).  Thin-  Rosch.pers.  comm.)  as  found  by  Murata  and  Norman 
sections  of  these  sedimet ts  commonly  show  a  uni-  II  (1976). 

form  extinction  of  the  total  rnatri-:  under  crossed  Indications  of  all  transformation  steps  from 

nicols  (see  also  Keene,  1976;  von  iad  et  al ■ ,  opal-A  via  opal-CT  to  quartz  can  be  seen  in  a 

1977),  *  quartz-replaced  sponge  spicule  which  still  shows 

the  characteristic  interpenetration  of  the  ori- 

Trans formation  of  Porcelianite  inte  Chert  ginal  opal-CT  blades  (Plate  1:  Fig. 7).  Well-pre¬ 

served  quartzified  radiolarians  (Plate  1:  Fig. 8) 

With  increasing  age  and  burial  depth,  the  mo-  indicate  in  situ  transformation  of  the  same  type, 

tastable  opal— CT  of  the  "immature"  porcellanites  This  is  also  documented  by  quartz-replaced  lepis- 

is  gradually  transformed  into  quartz.  Before  this  pheres  which  still  possess  the  gross  ultramorpho- 

transformation  is  achieved,  a  "maturation"  icrde-  logy  of  the  opal-CT  precursor  stage  (Plate  3: 
ring)  of  the  opal-CT  structure  takes  place  (F’g-7).  Fig. 8  and  9). 

This  is  demonstrated  by  a  progressive  shift  of  Our  data  confirm  that  typical  quartz  cherts 

the  4.1. A  peak  of  opal-CT  towards  smaller  values  were  never  formed  directly  from  silica  solutions 

for  increasing  burial  depths  or  temperatures  without  an  intermediate  opal— CT  stage.  Prior  to 

(cf.  Murata  and  Nakata,  1974;  Murata  and  Larson.  chertification,  the  direct  precipitation  of 

1975).  We  have  observed  the  first  transitional  quartz  is  restricted  to  the  local  filling  of  open 

stages  between  porcellanites  and  true  cherts  in  Dores  or  to  the  replacement  of  fcraminiferal 

Eocene  host  rocks  (von  Rad  et.al.,  1977).  In  tests. 

thin-section,  this  transition  is  indicated  by  According  to  Stein  and  Kirkpatrick  (1976)  and 

the  presence  of  many  light— colored  nuclei  of  Kastner  et  al.  (1977),  opal— CT  is  transformed 

microcrystalline  quartz  within  a  matrix  of  very  to  quartz  by  nucleation  and  growth  of  quartz, 

fine-grained,  al-.ost  isotropical  opal-CT  (Plate  i.e.  by  a  dissolution/reprecipitntion  mechanism, 

3:  Fig. 5, 6).  In  zoned  porcelianite  nodules  the  and  not  by  a  zero-order  solid-solid  conversion 

quartzification  starts  from  the  center,  where  the  (Ernst  and  Calvert,  1969;  Heath  and  Moberly, 

oldest  opal-CT  is  present.  The  mature  end  product  1971).  However,  quartz-replaced  lepispheres,  ra- 

of  this  process  is  a  vitreous  chert  which  con-  diolarians  and  sponge  spicules  (i.e.  quartz  pseu- 

sists  mainly  of  non-clastic  microcrystalline  domorphs  after  opal-CT)  show  still  the  original 

( Jlate  3:  Fig. 6)  to  chalcedonic  quartz.  In  our  ultrastructure  of  opal-CT,  and  •  •  -tz  cherts  are 

formed  only  after  the  opal-CT  structure  has  been 
progressively  reordered.  This  proves  that  in 
these  cases  the  transformation  must  have  occured 
within  the  opal-CT  lattice.  Such  a  quasi-solid- 
solid  microstructural  conversion  is  more  likely 
for  the  replacement  of  opal-CT  by  quartz  than  the 
complete  dissolution  of  opal-CT,  followed  by  the 
reprecipitation  of  quartz  from  a  silica  solution. 

Diagenetic  Maturation  with  Respect  to  Age,  Burial 
Depth  (Temperature)  and  Host  Rock  Lithology 

We  investigated  the  isotopic  composition 
of  opal-CT  and  quartz,  in  order  to  learn  more 
about  the  origin  and  thermal  history  of  these  si¬ 
lica  phases  during  diagenesis  (cf.  also  Knauth 
and  Epstein, 1975. 1976:  Murata  et  al. ,  1977).  In¬ 
dependent  of  age  and  burial  depth,  opal-CT  and 
pure  diagenetic  quartz  occupy  discrete  areas  in 
the  5d/o  0  diagram  (Fig. 8),  with  the  mixed 
opal-CT/quartz  samples  lying  in  between.  Accor¬ 
ding  to  these  and  other  authors,,  the  isotopical- 
ly  heavier  opal-CT  suggests  lower  formation 
temperatures  (25-50°C?)  than  the  cooccuring 
Figure  9.  Distribution  of  porcellanites  and  isotopically  lighter  quartz  in  cherts  (60-80  C?). 

quartz  cherts  in  the  Atlantic  Ocean  (122  samples  =  Our  preliminary  data,  however,  suggest  that,  both 

100  %)  as  a  function  of  age  and  host  rock  rock  silica  phases  might  possess  different, fractiona- 

lithology.  Note  that  porcellanites  are  present  in  tion  factors.  Therefgre  it  might  be  impossible 
Eocene  to  Pliocene  carbonate  and  clayey  sedi-  to  correlate  the  a  A  0-values  of  quartz  with  those 

raents.  There  are  no  quartz  cherts  in,  post-Eocene  of  coexisting  cpal-CT,  and  to  derive  "paleo-for- 

sediments.  mation  temperatures"  directly  from  them.. 

328  RIECH 


PlkvWa  Otig.  Eoc. 


porcetionites  in 
A  cloys  .siliceous  sediments 
A  fnorts.chotks, limestones 

cherts  in 

o  cloys  .  silic.  sedim. 

■  morls.cholks.limestones 


Poleo.  U.Cret.  E.Cret,  Jur. 


o*  frgggjgtf  frao<*A(*  aoy  or  ceiccrftOwf  002 •)  C«  ch*mtm  cJoy  Of  Un«itoo«) 

A  A  g»c<ng"<itt  l«n  Cloy  Of  eNXk/!«**4tor*)  iqucxiz) 

(o^ci-CTi  vr^kly  Utzdft  nOffiwJt 

A  A  f>Cft*Uon>t*/ih#fl  troniitiOftS  V»  Ooy  or  Ctatk/isU  •!•  Goto  Iwi  the  Pbc*<  Oc««a 

Figure  10.  Mineralogy  of  biogenic  and  authigenic  silica  as  a  function  of  sample  age,  burial 
depth  (temperature),  and  host  rock  facies.  Note  that  Pacific  quartz  cherts  occur  in  the  field 
of  Atlantic  porcellanites  (Fig.lOA)  and  porcellanites  from  the  Indian  and  Pacific  Ocean  and 
Bering  Sea  in  the  field  of  Atlantic  opal-A  (Fig.lOB).  Only  selected  samples  are  shown  for 
opal-A  to  define  the  opal-A/opal-CT  boundary.  Selected  data  from  the  Pacific  Ocean  after  Keene 
(1975)  and  other  sources. 

Pj=  Site  61.0,  P2=  Site  438B,  I^=  Eltanin  core  47-15,  I2=  Site  238;  Monterey  Shale  after 
Murata  and  Larson  (1975),  Bering  Sea  after  Hein  et  al.  (1978).  ' 


In  addition  to  time  and  temperature  which  posed  a  model  which  predicts  the  fastest  opal-A-* 

is  usually  inferred  from  burial  depth  and  the  opal-CT  and  opal-CT -» quartz  convers:  .  for  dia- 

present  geothermal  gradient,  the  chemical  compo-  tom-rich  calcareous  oozes  depositr  ’  under  high 

sition  of  the  interstitial  solutions  and  host  heat-flow  conditions  (e.g.  for  Quaternary  diato- 

sediments  also  control  the  rates  of  the  trans-  mites  in  the  Gulf  of  California).  According  to 

formation  from  opal-A  to  opal-CT  and  from  opal-CT  experimental  data  of  Kastner  et  al.  (1977)  opal-A 

to  quartz  (Keene,  1976;  Kastner  et  al ■ ,  1977).  is  much  faster  transformed  into  opal-CT  in  carbo- 

Therefore,  we  studied  the  distribution  of  porcel-  nates  that  in  clays.  Our  results  from  the  Atlan- 

lanites  and  quartz  cherts  in  the  Atlantic  as  a  tic  do  not  fully  agree  with  that  concept:  in  at 

function  of  age  and  host  rock  lithology  (Fig. 9.).  least  20  DSDP  sites  no  opal-A-* opal-CT  conversion 
About  40%  of  the  sillcified  Atlantic  sediment  was  noted,  although  these  sites  contained  calca- 

samples  are  of  Eocene  age  (predominantly  porcel-  reous  and  opaline-rich  (partly  diatomaceous)  se- 

lanites);  the  youngest  quartz  cherts  are  Eocene  diments  of  Paleocene  to  Miocene  age. 

and  the  oldest  porcellanites  Early  Cretaceous  Figures  10  and  11  show  the  mineralogy  of  bio¬ 
in  age.  The  main  causes  for  the  global  abun-  genic  and  authigenic  silica  as  a  function  of 

dance  of  Eocene  porcellanites  are:  (1)  maximum  sample  age,  burial  depth,  and  host  rock  litholo- 

productivity  of  siliceous. organisms,  (2)  good  gy.  It  is  obvious  from  these  graphs  that  in  gene- 

preservation  of  skeletal  opal  in  the  surface  se-  ral  the  stability  of  all  silica  phases  is  depen- 

diments,  and  (3)  optimal  time/burial  depth  frame  dent  on  the  age  and  burial  depth.  These  two  para- 

(40-50  m.y. ;  more  than  a  few  hundred  meters)  for  meters  are  inversely  correlated.  On  the  other 

the  diagenetic  silicification  processes  (Fig. 12).  hand,  there,  are  no  clearly  defined  stability 

Independent  of  their  ages,  porcellanites  occur  fields  for  any  of  the  three  silica  polymorphs: 

both  in  the  clayey  and  carbonate  environments ,  The  opal-A  field  overlaps  much  of  the  area  of 

although  for  the  Cretaceous  they  are  more  common  opal-CT. and  even  a  small  part  of  that  of  quartz; 

in  the  clayey  facies.  Although  quartz  cherts  are  opal-CT  is  spread  out  over  a  very  wide  age/depth 

more  commonly  associated -with  carbonate  rocks,  range  and  the  youngest  opal-CT  occurrences  do  not 

they  also  occur  in  Late  Cretaceous  and  Eocene  follow  the  inverse"  age/depth  regression.  Therefore 

clayey  or  siliceous  sediments.  Keene  (1976)  pro-  the  Atlantic  porcellanites  cannot  be  decribed 
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Figure  11.  Graph  summarizing  the  data  of 
Fig.  10A+B  showing  occurrence  and  stability  fields 
of  opal-A,  opal-CT  and  diagenetic  quartz  in  the 
age-depth  diagram.  Note  the  overlapping  of  the 
maximum  age/depth  of  unaltered  biogenous  opal  and 
the  minimum  age/depth  of  mature  quartz  cherts  in 
Eocene  and  Paleocene  from  the  Atlantic  Ocean. 


by  a  simple  linear  time-temperature  (burial  depth) 
relationship.  The  influence  of  lithofacies  is 
especially  marked  at  the  loiter  boundary  of  the 
opal-CT  field,  where  the  opal-CT-»  quartz  conver¬ 
sion  is  retarded  in  clayey  host  sediments  (Fig. 10: 
A+B). 

Opal-A  appears  to  be  completely  missing  in 
pre-bate  Cretaceous  sediments,  while  unaltered 
opal-A  is  present  in  Miocene  diatom  claystones 
at  burial  depths  of  nearly  1000  m  (see  in 
Fig. 10, B).  The  transformation  of  biogenic  opal  in¬ 
to  authigenic  opal-CT,  however,  is  not  a  con¬ 
tinuous  process.  In  the  Monterey  Shale,  this  con¬ 
version  takes  place  below  700  m  (Mu;  ata  and 
Larson.  1975) ,  in  the  Bering  Sea  at  about  600  m 
(in  late  Miocene  sediments),  corresponding  to 
in  situ  temperatures  of  35-50°C  (Hein  et  al. . 
1978).  In  the  Atlantic,  Pliocene  opal-CT 
is  very  rare;  in  the  Miocene,  this  mineral  be¬ 
comes  more  common  at  depths  greater  than 
200  m.  Some  extremely  young  (Pliocene)  opal-CT 
occurrences  (burial  depth  only  6-38  m)  from  the 
Kerguelen  Plateau  and  the  Central  Indian  Ridge 
(Wise  and  Weaver,  1974;  see  I,  and  I*  in  our 
Fig.  10, B)  have  been  interpreted  as  the  result 
of  "high  heat  flow"  (Keene,  1976).  This  is  diffi¬ 
cult  to  imagine,  as  thick  opal-A  sediments  are 
present  below  these  porcellanites. 

Surprisingly,  the  minimum  age  and  depth  of 
quartz  cherts  «nd  the  maximum  age  and  depth  of 
unaltered  biogenic  opal  overlap  '.Fig.  11).  This 
indicates -that  all  stages  of  diagnosis -can  be 
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present  in  the  Paleogene  sediments  of  the  Atlan¬ 
tic.  In  the  Pacific,  quartz  cherts  appear  to 
occur  already  at  significantly  lower  burial  depths 
than  in  the  Atlantic  (Fig. 10, A). 

Conclusions:  Diagenetic  Potential  and  Transfor¬ 
mations 

By  the  transformation  of  skeletal  opal-A  into 
opal-CT  and  by  the  conversion  of  opal-CT  into 
quartz  the  diagenetic  potential  of  siliceous  se¬ 
diments  is  progressively  reduced  (Fig. 12).  Opal-A 
is  abundant  in  Recent  to  Eocene  sediments  and 
very  rare  in  the  upper  Cretaceous.  Opal-CT  occurs 
in  Pliocene  to  lower  Cretaceous  deposits  with 
accessory  quartz  from  the  Miocene  downward.  Ge¬ 
nuine  quartz  cherts  are  very  rare  in  the  Eocene 
(Sites  366  and  370,  >500  m  burial  depth)  and 
are  mostly  restricted  to  Mesozoic  sediments.  We 
distinguish  three  diagenetically  significant 
time  intervals: 

(1)  about  10-65  m.y.  after  deposition  of  the  si¬ 
liceous  sediments:  silicification  by  precipita¬ 
tion  of  opal-CT  during  early  and  intermediate 
diagenesis  Post-Miocene  porcellanites  are  ex¬ 
tremely  rare  and  have  not  been  found  in  the 
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Figure  12,  Distribution  of  the  principal  si¬ 
lica  phases  in  sele  ,i.ed  time  intervals  and  de¬ 
crease  of  the  diagenetic  silica  potential  with 
time  by  the  opal-CT  silicification  and  opal-CT-+ 
quartz  transformation  (100  %  =  all  investigated 
silica-bearing- samples  of  that  time  interval). 

In  pre-Early  Cretaceous- sediments  the  diagenetic 
potential  approaches  zero,  since  no  significant 
diagenetic  changes  of  the  quartzified  sediments 
can  be  expected. 
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Figure  13.  Schematic  diagram  showing  the  age-,  burial  depth,  and  facies-dependent  dia- 
genetic  transformations  from  opal-A  to  opal-CT  and  quartz  in  the  Atlantic  Basin.  Modi¬ 
fied  from  von  Rad  et  al.  (1977)  using  interpretations  from  Heath  and  Moberlv  (1971), 
Lancelot  (1975),  Keene  (1976),  and  Kastner  et  al.  (1977). 


V, 


Atlantic.  After  40  m.y.,  abouc  50%  of  the  sili¬ 
ceous  sediments  have  been  transformed  into 
porcellanites.  After  65  m.y.  no  further  pre¬ 
cipitation  of  opal-CT  occurs  because. essential¬ 
ly  no  source  material  vcpal-A)  is  left. 

(2)  50-140  m.y.  after  deposition:  late-diagene- 
tic  opal-CT-*  quartz  transformation. 

(3)  Older  than  140  m.y.: fall  siliceous  sediments 
deposited  hear  the-Cretaceous/Jurassic  boundary 
have  been  transformed  into. stable  quartz  cherts. 

Figure  13,  summarizes  our  knowledge  on  the  dia- 
genetic  transformations  from  the  deposition  and 
early  diagenesis  of  siliceous  skeletons^  (opal-A) 
via  the  intermediate  porcellanite  stage  (opal-CT) 
to  late  diaf enetic  quartzcherts.lnour  view, 
only -accessory  opal-CT,  associated-with  phillip- 
site  and  futhi genic  smectite,  is  formed  from  vol¬ 


canic  parent  material.  Without  any  mobilization 
of  silica,  siliceous  organisms  can  be  trans¬ 
formed  in  situ,  into  opal-CT  and  later  into  quartz. 
The  differential  dissolution  of  opaline  skeletons 
leads  to  SiCOH^-rich  interstitial  solutions. 
Depending  on  the  silica,  Hg+  ,  (OH)-  and  other  metal 
ion  concentrations  in  these  solutions  the  fol¬ 
lowing  minerals  tan  be  precipitated  during  early 
to  intermediate  diagenesis:  (1)  primary  quartz 
filling  voids  or  replacing  caicitic  fossil 
tests,.  (2)  zeolites  (clinoptilolite)  and  authi- 
genic  smectites,  (3)  opal-CT,  forming  weakly  si- 
licified  (porcellaneous)  sediments  and  bedded  or 
nodular  porcellanites.  Under  "normal!'  deep-sea 
conditions  (average  heat  flow),  this  step  does 
not  take  place  earlier  than  20  m.y.  after  -deposi¬ 
tion  and  at  burial- depths  less  than  about  200  m. 
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With  increasing  burial  depth  and  temperature,  the 
opal-CT  attains  a  higher  degree  of  structural 
order. 

Age/burial  depth  diagrams  of  the  silica  phases 
(Fig.  10,11)  indicate  a  significant  influence  of 
those  parameters  for  the  diagenetic  evolution 
from  biogenic  opal  -to  porcellanites  and  cherts. 
There  is  a  wide  overlap  of  the  stability  fields 
of  the  three  silica  modifications.  This  is  due 
to  the  different  rates  at  which  the  transforma¬ 
tion  processes  take  place.  Clayey  facies,  espe¬ 
cially,  retards  the  conversion  of  opal-CT  to 
quartz.  Up  to  now,  we  have  no  explanation  for  the 
very  different  transformation  rates  of  biogenic 
opal-A  into  the  metas  able  silica  varieties  (see 
opal-A/opal-CT  boundary  in  Fig. 10, B). 

According  to  our  result;.,  genuine  cherts,  in 
which  the  matrix  consists  c  rrpletely  of  quartz, 
were  never  precipitated  ai.  ;<rtly  from  silica  so¬ 
lutions  without  a  preceding  opal-CT  phase.  The 
nature  of  the  opal-CT-*- quartz  transformation  is 
still  poorly  understood,  although  most  authors 
now  favor  a  dissolution/reprecipitation  mecha¬ 
nism.  Quartz-replaced  lepispheres,  radiolarians. 


r*ute  1.  Preservation  and  filling  of  siliceous  organisms. 


Figure  1.  Unaltered  skeletal  opal-A  (sponge  spicules,  radiolarians,  diatoms).  Late  Eocene-early  Oligo- 
cene  sample  from  New  Zealand,  kindly  contributed  by  Dr.  H.-J.  Schrader  (5EM  photo  793/3). 

Figure  2.  Etched  radiolarian  skeleton  (opal-.*.)  with  solution  pits.  Sample  DSDP  43-356-16-3,  120-122  cm 
(middle  Eocene,  SEH  907/4). 

Figure  3.  Slightly  altered  diatom  skeleton  with  globulose  structure  of  aged  opal-A  (SEH  792/4).  Same  sam¬ 
ple  as  Figure  1. 

Figure  4.  Relic  of  dissolved  radiolarian  ("ghost";  filled  with  cpal-CT  lepispheres  and  euhedral  cli- 
noptilolite  crystals.  DSDP  43-386-30-2  ,  95  cm  Eocene,  SEH  387/1). 

Figure  5.  Opal-CT  replaced,  well-preserved  radiolarian  skeleton.  DSDP  41-366-23-1,  42-44  cm  (middle  Eo¬ 
cene,  SEK  643/7,  HCl-residue  of  a  limestone) . 

Figure  6.  Detail  of  central  area  of  Figure  5  showing  network  of  regularly  intertwinned  opal-CT  blades 
and  lepispheres  on  the  surface  of  the  central  capsule  (SEN  344/5). 

Figure  7.  Quartz-replaced  sponge  spicule  in  opal-CT  cemented  turbiditic  arenite  (spicuiite) .  HC1  and 
H  SiF  -  treated  sample  DSDP  43-387-17-2,  56-58  cm  (?  early  Eocene,  SEH  738/8).  The  characteristic  inter¬ 
penetration  of  quartz  crystallites  at  the  surface  suggests  (1)  early-diagenetic  in  situ  replacement  of 
the  original  skeletal  cpal-A  by  opal-CT  and  (2)  later  in  situ  replacement  of  biaded  opal-CT  by  quartz 
without  intermediary  dissolution  steps. 

Figure  8.  Quartz-replaced  radiolarian  with  overgrowth.  Sample  DSDP-43-386— 43-3,  50-52  cm  (late  Cenom¬ 
anian,  SEH  923/2). 

Figure  9.  Radiolarian  cast  consisting  of  amorphous  silicates  and  oontmorillonite.  DSDP  47A-397A-23-3, 
8-10  cm  (early  Miocme,  "radiolarian  dissolution  facies";  SEH  504/8). 

Figure  10.  Detail  of  Figure  9  showing  opal-CT  blades  and  lepispheres  there  the  original  siliceous  ske¬ 
leton  was  dissolved.  Flaky  smectite  forming  "blossom"-like  structures  (SEN  904/7). 
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and  sponge  spicules  in  which  the  quartz  was 
transformed  in  situ  from  an  opal-CT  precursor, 
however,  suggest  some  kind  of  a  "quasi  solid- 
solid"  raicrostructurai  conversion.  The  average 
rate  of  this  transformation  is  ower  (40-100 
m.y.?)  in  the  clayey  environment  than  in  cal¬ 
careous  facies  (30-50  m.y.). 

The  source  material,  the  silica  phases  and  the 
diagenetic  processes  are  now  comparatively  well 
known.  However,  up  to  now  we  have  only  studied  a 
few  simple  factors  influencing  silica  diagenesis, 
namely,  time,  temperature  (usually  inferred  from 
burial  depth  and  geothermal  gradient),  and  the 
facies  of  the  associated  sediments.  These  parame¬ 
ters  are  not  sufficient  to  explain  the  di jcontinu- 
ous  silica  diagenesis,  i.e.  the  alternation  cf 
porcellanites  and  cherts  with  original  opal-A 
bearing  sediments.  Probably  the  variaole  physico¬ 
chemical  stability  of  biogenic  opal  as  a  function 
of  species  properties  (specific  surface,  water 
and  trace  metal  content;  Hurd  and  Theyer,  1977) 
and  of  paleo-ecological  and  -oceanographic  con¬ 
ditions  should  also  be  considered  as  important 
parameters  (Goll  and  B.j^rklund,  1972). 


Plate  2.  Opal-CT  and  authigenic  silicates  filling  fossils  ai  d  open  voids  in  silicified  chalks,  porcella- 
nites,  and  cherts. 

Figure  1.  Detail  of  opal-CT  fil'-'d  planktonic  foraminifer  (calcitic  test  dissolved  by  HC1)  within  opal- 
vi  cemen.ed  arenitf .  Chamber  fi  »mg,  diagenetically  thickened  wall  pores  and  surrounding  matrix,  all 
consist  of  "massive''  opal-CT.  Compare  pjre  diameter  of  central  foraminifer  (4-8. u)  with  that  of  small 
bentho.  :)  foraminiferid  in  upper  right.  DSDP  43-387-17-2  ,  56-58  cm  (?  early  Eocene,  SEM  "791/6). 

Figure  2.  Clinc.:tilolite  and  opal-CT  lepispheres  filling  fossil  pore  in  silicified  marlstone.  Opal-CT 
surrounds  and  partly  replaces  coccoliths;  euhedral  clinoptilolite  is  last  cavity-filling  generation. 

DSDP  14-144-3-2,  lGo-104  cm  (Campanian-Maastrichtian,  SEM  302/3). 

Figure  3.  Small  opal-CT  lepispheres  and  large  clinoptilolite  crystals  filling  foraminiferal  chamber  in 
"radiolarian  dissolution  facies".  Note  small  nucleation  rate  for  zeolites  which  formed  later  than  the 
opal-CT.  Sample  DSDP-47A-397A-23-3 ,  8-10  cm  (early  Miocene,  SEM  905/6). 

Figure  4.  Fhilli,.  *te-filled  foraminiferal  chamber  in  altered  volcanic  ash.  Note  high  nucleetion  rate 
for  the  zeolite.  DSDP  47A-397-34-2,  130-132  cm  (Pliocene,  SEM  906/4). 

Figure  5.  Clinoptilolite  cast  of  olcnktonic  foraminifer  (calcite  dissolved  by  HC1).  Note  massive  iev- 
)ite  completely  filling  the  interior  of  most  chambers  and  casting  wall  pores  (now  cylinder-like 
"spines")  and  euhedral  zeolite  (open  cavity  growth)  in  center.  DSDP  47A-397-77-3cc  (middle  Miocene,  SEM 
924/12). 

Figure  6.  Detail  showing  center  of  Figure  5  (SEM  924/11). 

Figure  7.  Part  of  foraminiferal  chamber  in  weakly  silicified  chalk.  Hemispheres  of  +  massive  opal-CT 
(center)  grow  on  the  interior  wall  of  the  foraminiferid  (upper  right).  The  opal-CT  in  turn  is  overgrown 
by  latt  diagenetic  calcite  cement  (note  negative  of  lepisphere  at  lower  right).  Sample  DSDP  41-366-29-1 , 
59-61  cm  (early  Eocene,  SEM  625/3). 

Figure  8.  Foraminiferal  chamber  in  clayey  foraminiferal  arenite,  filled  by  authigenic  silicates  (mont- 
morii Ionite  and  X-ray  amorphous  silicates.)  The  perfect  casting  of  foraminiferal  chamber  and  wall  pores 
pro/es  in  situ  growth  of  the  smectite  connecting  the  foraminiferal  fill  with  the  surrounding  clayey  mat¬ 
rix.  Sample  DSDP  47A-397A-2-2, -24  cm  (early  Miocene,  SEM  927/3). 

Figure  9.  Bedded-porcellanite  with? structureless  opal-CT  (top  left),  a  few  clinoptilolite  crystals  and 
early  diagenetiepaiygorskite-mats  oriented  parallel  to  void  (diameter  of  individual  fibers:  0.1-0.3^u). 
Sample  DSDP  41-367-14-4,  14-16  cm  (early  Eocene,  SEM  727/3). 
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Plate  3.  Opal-CT  lepispheres,  porcellanite  and  quartz  chert. 

Figure  1.  Individual  opal-CT  blades  (0.2  ,u  thick)  with  irreggular  ragged  edges.  Sample  DSDP  11-98-10- 
1,  70-73  cm  (late  Paleocene  to  early  Eocene;  SEM  492/8). 

Figure  2.  Well  developed  large  bladed  lepisphere  showing  groups  of  opal-CT  blades  intergrown  according 
to  the  twinning  laws  of  tridymite  (note  70  or  180°-70°  angle).  Lepisphere  grows  on  calcite  cement  in  the 
interior  of  the  foraminiferal  chamber.  Porcellanite  nodule  (same  sample  as  Figure  1,  SEM  492/3). 

Figure  3.  Moderately  silicified  Maastrichtiar.  chalk  with  a  few  small,  early-diagenetic,  individual  ie- 
pispheres  growing  on  euheflral  calcite  crystals  and  coccoliths.  Sample  DSDP  14-144-3-2,  103-104  cr.  (Cam- 
panian-Maastrichtian;  SEM  502/9). 

Figure  4.  Well  preserved  (opal-A?)  radiolarian  in  early  Eocene  calcareous  porcellanite  with  chert 
bands,  filled  by  (a)  structureless  opal-CT  replacing  nanno  ooze  with  relic  coccoliths  (center  right); 

(b)  well  developed  opal-CT  lepispheres  (open-cavity  growth,  center  left);  lc)  quartz  (remaining  pore 
space,  upper  left).  Sample  DSDP  41-366-31-4,  91-93  cm. 

Figure  5.  Incipient  quartzification  in  early  Eocene,  zoned  chalk-porcellani te-chert  nodule.  Ghost  of 
foraminiferid  is  filled  by  opal-CT  (black)  with  scattered  distinct  nuclei  oi  quartz  crystals  (light-co¬ 
lored  spots),  whereas  the  matrix  consists  already  mostly  of  microcrysta) lin;  quartz.  DSDP  41-366-29-1, 

50  cm  (X  nicols). 

Figure  6.  Well  defined  boundary  between  porcellanite  (black)  with  scattered  qu?~tz  nuclei  (white)  and 
macrocrystalline  quartz  chert  (top).  Quartz-filled  vein  at  contact.  DSDP  41-370-;5-2,  139-141  cm  (middle 
Eocene,  X  nicols). 

Figure  7,  Ghost  of  radiolarian  filled  by  ellipsoidal,  spherical  and  coalescent  "stubby”  or  "nubby"  le¬ 
pispheres.  Individual  "blades"  are  thicker  (0.1-0. 2  ,u)  and  shorter  (0.5-l,u)  than  in  normal  lepispne- 
res.  Tridymite-type  twinning  is  less  evident.  Oligocfene-Miocene  clayey  radiolarian  porcellanite  (DSDP 
11-I06B-7-1,  13-14  cm;  SEM  494/11). 

Figure  8.  Quartz-replaced  lepispheres  with  well  preserved  gross  morphology  from  the  original  opal-CT 
stage.  Sample  DSDP  41-367-31-1,  64-66  cm  (Berriasian,  SEM  729/3). 

Figure  9.  Quartzified  lepisphere  with  relic  surface  structure  indicative  of  an  opal-CT  precursor  stage 
(interpenetration  twins;  SEM  631/9).  Same  sample  as  Figure  8. 
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Abstract.  The  large  abundance  of  clay  particles 
in  ancient  marine  sediments  raises  the  question  of 
their  origin.  Detailed  mineralogical,  chemical  and 
lithological  investigations  on  numerous  DSDP  Meso¬ 
zoic  and. Cenozoic  sediments  of  the  North  Atlantic 
margins  point  to  insignificant  contribution  of  au¬ 
tochthonous  sources  compared  to  continental  detri- 
tal  supply.  Thus  the  clay  sediments  strongly  re¬ 
flect  the  continental  environmental  variations  in 
the  geological  past,  rather  than  the  present  ma¬ 
rine  environment.  Selected  examples  show  how  mi¬ 
neralogical  changes  may  contribute  to  explaining 
major  geographical  events  :  I)  Climate  :  Creta¬ 
ceous  and  Paleogene  smectite  chiefly  inherited 
from  hydromorphic  soils  of  low-relief  areas  under 
hot  temperature  and  contrasting  humidity  ;  irre¬ 
gular  increase  of  primary  minerals  in  Cenozoic 
rocks  due  to  a  world-wide  cooling  associated  with 
more  regular  rainfall.  2)  Tectonics  :  strong  sup¬ 
ply  and  rapid  accumulation  of  a  mixture  of  primary 
and  pedogenic  minerals  in  the  NW  Atlantic  during 
the  middle-late  Jurassic,  related  to  ocean  initia¬ 
tion  and  continental  drift.  3)  Physiography  :  de- 
trital  attapulgite  (palygorskite)  in  Albian  time, 
and  attapulgite  and  sepiolite  in  Early  Eocene 
time,  indicators  of  closed  or  semi-closed  marginal 
basins,  in  which  fibrous  minerals  formed  under 
warm  and  confined  conditions.  4)  Currents  and 
global  tectonics  :  strong  increase  of  primary  mi¬ 
nerals  in  the  upper  Cretaceous,  probably  induced 
by  the  onset  of  longitudinal  deep-water  circula¬ 
tion  at  the  time  of  the  NW  Atlantic  widening.  A 
tentative  chronological  and  geographical  inter¬ 
pretation  of  clay  mineral  variations  in  marine 
deposits  is  proposed  which  takes  into  account  the 
highly  variable  train  of  environmental  factors. 

Introduction 


One  of  the  most  obvious  facts  arising  from  the 
survey  of  deep  sea  drilling  materials  is  the  abun¬ 
dance  of  clay-rich  sedimentary  rocks.  Well  known 
for  the  recent  sediments  of  the  world  ocean 
(Lisitzin,  1972),  this  fact  is  also  particularly 
clear  for  the  Mesozoic  and  Cenozoic  sediments-, of 
the  North  Atlantic  ocean.  For  instance  the  pro¬ 
portion  of  claystone,  mudstone,  marl,  clayey  chalk 
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from  Legs  47,  48  and  50  of  the  Glomar  Challenger 
is  about  75  %  of  the  whole  sedimentary  sequence 
since  the  late  Jurassic  (see  Ryan,  von  Rad  et  al., 
in  press  ;  Ryan,  Sibuet  et  al.,  in  press  ; 
Montadert,  Roberts  et  al.,  in  press  ;  Lancelot, 
Winterer  et  al.,  in  press). 

The  nature  of  the  clay  fractions  and  the  signifi¬ 
cance  of  their  high  proportion  in  past  sediments 
are  important  to  determine  for  they  may  contribute 
to  the  reconstruction  of  paleoenvironments.  For 
some  authors  North  Atlantic  ancient  marine  clays 
are  chiefly  autochtonous  and  reflect  the  volcanoge- 
nic  and  diagenetic  history  of  marine  sediments 
(Kossowskaya  et  al.,  1975  ;  Lomova,  1975).  For 
some  others  the  marine  clay  could  be  the  result  of 
both  diagenetic-volcanogenetic  and  alluvial  proces¬ 
ses  and  have  a  complex  significance  (Berger  and 
Von  Rad,  1972  ;  Lancelot  et  al.,  1972).  In  recent 
Atlantic  sediments  the  clay  fraction  is  mainly  de- 
trital  and  expresses  continental  environments  and 
the  influence  of  currents  (Biscaye,  1965  ;  Griffin 
et  al.,  1968) . 

Our  purpose  is  to  consider  the  nature,  distribu¬ 
tion  and  behaviour  of  clays  in  North  Atlantic 
DSDP  cores  ir.  order  to  understand  their  origin  and 
signification.  About  1.500  original  samples  have 
been  studied  by  x-ray  diffraction  on  non-calcare- 
ous,  less  than  2  pm  particles,  complemented  by 
electro-microscopic  observations,  differential 
thermal  analyses  and  various  chemical  analyses. 

25  drill  sites  of  the  East  and  West  North  Atlan¬ 
tic  margins  are  considered,  originating  from  Legs 
11,  14,  44,  47A,  47B,  48  and  50  of  the  Deep  Sea 
Drilling  Project  (Fig.  1).  The ’data  and  discus¬ 
sions  are  presented  here  in  a  generalized  manner, 
detailed  considerations  being  published  elsewhere 
(Chamley  and  Giroud  d'Argoud,  in  press  ;  C'namley 
et  al.,  in  press  ;  Chamley  and  Diester-Haass,  in 
press  ;  Debrabar.t  et  al.,  in  press  ;  Diester- 
Haass  and  Chamley,  in  press  ;  Pastouret  et  al.,  in 
press). 


Origin  of  Marine  Clays 

In  most  parts  of  the  world  ocean,  modern  clay 
minerals  show  a  general  latitudinal  zonation 
(Biscaye,  1965  ;  Griffin  et  al.,  1968  ;  Rateev 
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Figure  1 . 

et  al.,  1969),  which  approximately  reproduces  the 
continental  pedogenic  zonation  (Millot,  1964  ; 
Pedro,  1968).  This  is  especially  the  case  in  the 
Atlantic  ocean  and  in  all  basins  located  in  the  vi¬ 
cinity  of  land  masses.  The  large  variety  of  clay 
species  and  associate  small-sized  minerals  (quartz, 
feldspars,  amphiboles,  ...)  chiefly  reflects  the 
diversity  of  continental  sources  and  the  main  sup¬ 
ply  form  soils  and  other  surficial  alterations. 
There  are  no  structural  changes  of  minerals  either 
when  clay  passes  from  continental  water  to  marine 
water  (i.g.  Gibbs,  1977),  nor  when  it  is  deposited. 
Now  the  question  arises  what  happened  during  past 
geological  times-. 

PiaRenesis  With  Depth  of  Burial 

Clay  species  are  the  same  in  ancient  and  re¬ 
cent  sediments Their  variety  and  variability  are 
large  in  both  cases,  as  shown  for  instance  by  the 
succession  of  Cretaceous  and  Cenozoic  assemblages 


recovered  off  the  Iberian  margin  in  Site  398,  which 
reached  a  depth  of  1  740  m  (Fig.  2) .  Minerals  such 
as  chlorite  and  illite,  inherited  from  crystalline 
rocks  (=  "primary"  minerals) ,  occur  as  well  as 
smectite,  fibrous  clays  (attapulgite  »  palygors- 
kite,  sepiolite),  kaolinite  and  irregular  mixed- 
1.  rs  (chiefly  of  illite-smectite  and  chlorite- 
smectite  types) ,  the  later  group  being  formed  and 
stable  under  low  temperature  and  pressure  condi¬ 
tions  (Millot,  ! 964) .  There  is  no  progressive  and 
continuous  change  with  increasing  depth  in  cores, 
neither  in  the  relative  abundance,  crystallinity 
and  morphology  of  minerals  (Fig.  2,  Fig.  3),  nor 
in  the  chemistry  of  major  and  minor  elements.  Rare 
earth  elements  associated  with  clay  minerals,  es¬ 
pecially  with  smectite,  do  not  show  any  change  such 
as  an  equilibration  with  se?  water,  from  early  Cre¬ 
taceous  to  present  time  (C^utCois  and  Chamley, 
1978).  Thus  there  is  no  appreciable  sign  of  diage¬ 
nesis  with  depth  of  burial  in  the  Mesozoic  and  Ce- 
nozoic  deposits  of  the  North  Atlantic  margins. 
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DSDP  Leg  47B.  MWERALOGICAL  ZONATION  OF  SITE  398. 

Legend-  :  C, Chlorite. in^cef' 

layers.  C-Sm,  chlorite-smectite  irreRula^mixe^f  ^1^  lrregular  “ixed_ 
kaolinite.  A,  attapulsite-  fSSSli^ 


SITE  105  DSDP,  Leg  XI 


Site  105,  Leg  11,  Clay  mineralogy  (unpublished  data). 


Local  Diagenesis 

Although  common  sediments  do  not  show  any  evi¬ 
dence  of  clay  diagenesfs  along  the  sedimentary  co¬ 
lumn,  such  phenomena  could  affect  local  deposits  or 
periods.  The  organ jc-rich,  black  shale  facies,  wi¬ 
dely  distributed  in  the  Atlantic  Cretaceous  (Ryan 
and  Cita,  1977),  especially  in  the  Barremian-  Ceno¬ 
manian  interval,  generally  contains  clay  assembla¬ 
ges  similar  to  those  found  in  oxidized  sediments. 
Smectite,  whose  high  exchange  properties  favor  in¬ 
terlayer  and  structural  degradation,  generally  does 
not  show  any  significant  alterations  in  black  layers 
(Fig.  .4,  lower  part),  comparable  to  those  observed 
in  PI io-Pleistocene  Mediterranean  sapropels  (Sigl 


et  al.,  1978).  The  chemical  composition  is  similar 
in  dark  and  light  levels,  except  for  manganese  or 
iron  complexes,  which  are  pecularly  sensitive  to 
reducing  environments.  The  same  results  characteri¬ 
ze  the  organic-rich  stages  of  Capi  and  Angola  basin 
sediments  in  the  South  Atlantic  (Leg  40  DSDP  ; 
Robert  et  al.,  in  press).  In  a  general  way,  there 
is  no  noticeable  diagenesis  in  organic  environment. 
Only  a  few  early  Cretaceous  organic-rich  levels  de¬ 
posited  off  the  Iberian  margin  (Site  398)  show  a 
decrease  of  smectite  and  an  increase  of  irregular 
mixed-layers  and  more  resistant  illite  and  chlorite. 
This  may  indica  e  a  local  and  minor  in  situ  degra¬ 
dation  by  organic  «_tds  in  confined  -reducing  condi¬ 
tions. 
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Figure  4.  Site  400,  Leg  48.  Clay  mineralogy. 


Several  periods  are  characterized  by  high  amounts 
of  fibrous  clays  -  sepiolite  and/or  attapulgite 
(Fig.  2  to  4  ;  see  also  Peterson  et  al.,  1970  ; 
Berger  and  von  Rad,  1972  ;  Helieres,  1978).  these 
reputed  fragile  minerals  are  not  restricted  to  any 
particular  lithological  facies-such  as  clayey 
chalks  or  limestones  where  they  typically  formed 
(Mil lot,  1964  ;  Trauth,  1974  Weaver  and  Beck, 
1977).  On  the  contrary  sepiolite  and  play gor ski te 
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here  are  abundant  in  heterogeneous,  reworked,  often 
turbiditic  clastic  sediments,  as  it  is  the  case  lo- 
ca  -i  recent  sediments  (Chamley  and  Millot, 
ls  ’  !  *l,8e£  and  Chamley,  1977).  The  fibers  are 
sometimes  broken^  sometimes  not,  but  intimately 
disperseo  among  other  clay  minerals,  some  of  them 
being  typically  detrital  (illite,  chlorite,  kao- 
linite).  Thus  there  is  ho  evidence  of  clay  diage- 
nesism  calcareous  alkaline  environment,  and 
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Figure  5.  Distribution  of  rare  earth  elements  in  Eocene  smectite-rich 
sediments  of  the  East  Atlantic  margins  (after  Courtois  and  Chamley,  1978). 


other  possibilities  are  questionable  (Timofeev  et 
al.,  1978). 

As  a  general  statement  the  clay  mineralogy  along 
the  cores  does  not  depend  on  the  lithologic  and 
petrographic  variations,  which  stands  in  opposi¬ 
tion  to  the  hypothesis  of  noticeable  in  situ  influ¬ 
ence. 

Influence  of  Volcanism 

Smectite  is  generally  widely  distributed  in 
older  sediments  of  the  North  Atlantic,  especially 
in  the  late  Jurassic  and  Cretaceous. ones, when  the 
oc<- jn  was  narrower  than  today  and  crustal  rifting 
and  volcanism  were  very  active.  To  correlate  the 
g  >nesis  of  the  mineral  with  volcanism  contemporary 
to  the  ocean  initiation  is  enticing,  for  smectite 
formation  is  often  correlated  to  volcano-hydrother¬ 
mal  mechanisms  (in  Millot,  1964;  Grim  and  Guven, 
1978).  The  same  possibility  exists  for  fibrous 
clays  (Bonatti  and  Joenauu,  1968  ;  Hathaway,  1972  ; 
Lomova,  1975).  Nevertheless  several  data  indicate 
that  in  most  cases  such  hypotheses  are  not  suppor¬ 
ted  by  the  facts. 

Smectite  abundance  is  not  systematically  con¬ 
nected  with  the  presence  of  volcanic  materials  or 
typical  volcanic-derivediminefals.  Smectite  often 
is  very  abundant  in  series'devoid  of  volcanic  ma¬ 
nifestations  (most  Cretaceous  sediments) or  frequen¬ 
tly  is  moderately  represented -insediments  marked 
by  noticeable  volcanic contributions-  (late  Miocene 


to  Pleistocene,  Sice  397,  South  of  Canary  Islands). 
The  siliceous  minerals  (opal  CT)  occurring  in  nu¬ 
merous  Cretaceous  and  Paleocene-Eocene  deposits 
probably  result  from  a  diagenetic  formation  (Riech 
and  von  Rad,  this  vol.),  as  do  some  zeolites  of 
the  clinoptilolite  family.  These  minerals  chiefly 
form  from  iicgenic  silica  and  do  not  necessarily 
depend  on  volcanogenic  supplies. 

In  Sites  105  and  100  located  off  the  coast  of 
United  States,  the  Jurassic  clayey  limestones  im¬ 
mediately  overlying  the  basaltic  basement  are  poor 
in  smectite,  which  is  there  a  badly  crystallized 
mineral  accompanied  by  detrital  chlorite,  illite, 
irregular  nixed-layers,  quartz  and  feldspars 
(Fig.  3)  ;  the  rare  earth  composition  of  bulk  se¬ 
diment  and  clay  fraction  is  that  of  land-derived 
material.  If  smectite  is  rare  very  close  to  the 
oceanic  crust  when  the  ocean  was  narrow  and  the 
ridge  activity  high,  what  about  later  periods  such 
as  late  Cretaceous  or  Paleogene  when  the  ocean  was 
broad  and  the  ridge  influence  far  away  from  the 
drill  sites  ? 

Most  of  smectite-rich  Atlantic  sediments  are  of 
an  aluminous-iron  type  with  associate  V  and  Li, 
a  composition  not  representative  of  volcanogenic 
contributions.  The  rare  earth  association  of  sraec- 
titic  clays  points  to  a  detrital  continental  sup¬ 
ply  with  a  relative  enrichment  in  light  elements 
(La,  Cc,  Nd,  Sa)  (Courtois  and  Chamley,  1978  ; 

Fig.  .) -  On  the  Rockall  Plateau  only  (Sites  403  to 
406)  the  heavy  rare  earth  elements  (Eu,  Gd,  Tm, 
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Yb,  Lu)  are  relatively  abundant,  indicating  a  smec- 
tite  formation  from  alteration  of  tholeiitic  ba¬ 
salts,  as  does  the  abundance  of  Fe,  Mg  and  Ti.  But 
even  in  this  case  the  alteration  of  basaltic,  rocks 
seems  to  have  been  aerial  cr  subaeriai  (absence  of 
negative  anomaly  of  Ce,  an  indicator  of  sea  water 
influence),  which  agrees  with  recent  hypotheses  on 
the  subaerial  rifting  of  the  Rockall  Plateau 
(Hontadert,  Roberts  et  al.,  in  press). 

Thus  the  most  probable  origin  of  smectite  occu- 
ring  in  old  sediments  is  a  terrigenous  supply,  and 
not  a  submarine  transformation  of  volcanic  material. 
The  same  conclusion  is  valid  as  far  as  fibrous 
clays  are  concerned,  as  shown  by  their  preferential 
occurrence  in  clastic  and  reworked  sediments  (see 
above,  and  also  Timofeev  et  al.,  1978).  An  autoch¬ 
tonous  genesis  of  these  minerals  does  exist  local¬ 
ly  (Riech  and  von  Rad,  this  vol.,  op.  cit.  ;  see 
also  sepiolitc  in  Core  43,  Site  105,  Fig.  3),  but 
it  seems  to.be  restricted  to  very  closed  environ¬ 
ments  or  near  the  volcanic  sources,  and 'to  have  a 
minor  quantitative  importance. 


Detrital  Supply 

The  above  discussion  points  to  the  essentially 
terrigenous  origin  of  the  diverse  clay  minerals 
identified  in  the  Mesozoic  and  Cenozoic  sediments 
deposited  on  the  Korth  Atlantic  margins  and  on  the 
adjacent  basins.  Diagenetic  influences  are  local  or 
insignificant  compared  to  continental  influences. 
This  main  result  is  in  agreement  with  data  on  sedi¬ 
mentary  organic  matter  which  is  mostly  of  a  terres¬ 
trial  origin  (Habib,  this  vol.  ;  Tissot,  this  vol.) 
and  closely  related  to  clay.  As  the  mineralogical 
and  geochemical  changes  after  deposition  are  very 
weak,  we  can  conclude  that  the  high  amounts  of  clay 
contained  in  past  marine  sediments  are  not  able  to 
provide  noticeable  information  about  the  marine  dis 
genetic  environments.  On  the  contrary,  Atlantic 
clays  appear  .to  be  of  significant  interest  in  re¬ 
constructing,  the- environmental  history  of  adjacent 
land  masses -and  the  conditions  of  deposit,  as  they 
do  in  recent  sediments.- Moreover,  as  today  clays 
minerals  chieflyproceedfrom  soil  erosion,  we  can 
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Figure  7-  Possible  origin  of  smectite  in  Cretaceous  and  Paleogene  Atlantic  sediments. 


assume  that  soil-derived  detritus  were  of  a  predo¬ 
minant  importance  in  the  sediment  constitution  du¬ 
ring  past  geological  time. 

Significance  of  Marine  Clays 

Several  examples  of  the  use  of  marine  clays  in  re¬ 
constructing  paleoenvironments  are  considered.  They 
relate  to  four  main  topics  :  climate,  regional  tec¬ 
tonics,  physiography,  currents/global  tectonics. 

Climate 

All  the  Cenozoic  sequences  recovered  show 
from  the  uppermost  Eocene  to  the  late  Pleistocene 
an  irregular  increase  of  primary  minerals  t chlo¬ 
rite,  illite),  associated  with  poorly  crystallized 
mixed-layers,  quartz,  feldspars  and  sometimes  am- 
phiboles  (Fig.  3,  Fig.  4).  In  the  sane  time  the 
smectite  concentration  decreases.  Progressively 
the  mineralogical  composition  of  sediments  becomes 
comparable  to  that  of  present  sediments,  marked  by 
mixed  supplies  from  soils  and-rocks  d(Griffin  et 
al. ,  1968).  This  evolution; is  interpreted  as  a 
consequence  of-  irregular  world  cooling  combined 
with  an  increased  deep  circulation  (Tucholke  and 
Mountain,  this  vol .),_  that  developed  since  the 


••Addle  Paleogene  (Frakes  and  Kemp,  1973  ; 

Shackleton  and  Kennett,  19751  Its  onset  is  marked 
by  the  first  setting  up  ox  ice  caps  in  southern 
hemisphere  (Kennett,  1975).  The  cooling  was  res¬ 
ponsible  for  the  progressive  diminution  of  conti¬ 
nental  chemical  weathering  processes,  leading  to  s 
lesser  development  of  soils  :  hydrolyses  were  in¬ 
sufficient  to  permit  the  development  of  kaolinite 
and  smectite,  and  allowed  only  a  moderate  degrada¬ 
tion  of  primary  minerals  into  mixed-layers.  At  the 
same  time  the  direct  physical  ejosion  of  rocks  in¬ 
creased  (illite,  chlorite,  quartz,  feldspars),  be¬ 
cause  of  both  a  diminution  of  soil  thickness  and 
the  lowering  of  the-sea-levtl.  In  some  areas  the 
erosion  processes  increased  due  to  alpine  and  post- 
alpine  tectonics  (Fig.  6). 

There  are  many  variations  in  this  general  evolu¬ 
tion  according  to  time  and  geography.  For  instance 
the  cooling  presents  two  major  episodes  (Fig.  11). 
The  first  one  during  late  Miocene  corresponds  to 
the  growth  of  the  .'ntarctic  ice-sheet  and  the  Medi¬ 
terranean  dessication  (Kennett  and  Brunner,  1973). 
The  second  cue  during  the  Plio-Pleistocene  repre¬ 
sents  the  development  of  the  Arctic  ice-cap  (Blank 
and  Margolis,  1975)  and  then  the  alpine  glacial 
system.  The  cooling  expressed' by  clayey  sediments 
appears  sore  marked  towards  high  latitudes,  in  the 
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vicinity  of  glaciers  and  ice-rafting,  than  in  tem¬ 
perate  areas  (Fig.  12). 

Numerous  other  climatic  data  are  suggested  by 
variations  in  the  clay  mineralogy  along  DSDP  cores, 
as  proposed  on  figure  !!.  The  most  important  mine- 
ralogical  event  extends  from  at  least  Biscay  Bay 
(Leg  48)  to  Cape  Basin  (Leg  40  ;  Robert  et  a!.,  in 
press)  and  covers  at  least  the  late  Jurassic-late 
Paleogene  interval,  independently  of  lithology.  It 
consists  of  a  generally  high,  content  of  well-crys¬ 
tallized  smectite  (Fig.  3,  Fig,  4).  The  mineral, 
which  we  believe  to  be  of  terrigenous  detrital  ori¬ 
gin  (see  discussion  above),  is  similar  to  the  pedo- 
genic  smectite  formed  today  in  restricted  peri- 
african  areas  marked  by  hot  climate  and  season- 
contrasted  humidity  (Paquet,  1969).  The  late  Meso¬ 
zoic  and  early  Cenozoic  interval  is  known  to  have 
been  characterized  by  warm  temperature  averages 
(Furon,  1972)  ;  until  the  late  Cretaceous  there  was 
a  wide  extension  of  low  relief  areas  on  african  and 
western  european  land  masses  (i.e.  Nairn  and  Stehli, 
1974),  These  climatic  and  topogra,  He  conditions 
favoured  the  development  of  hydromorphic  soils  in 
the  downstream  areas  of  river  basins,  leading  to 
the  pedogenic  genesis  of  smectite.  The  ionic  supply 
issued  from  upstream  areas  where  hydrolyses  were 
strong  and  kaolinite  formed.  This  implies,  for  the 
entire  considered  period,  generally  hot  climate, 
marked  by  fairly  strong  contrasts  in  the  seascnal 
humidity  (strong  and  short  humid  season,  rather 
long  dry  season) .  These  considerations  on  Cretace¬ 
ous  and  Paleogene  climate,  topography,  pedogenesis, 
erosion  and  sedimentation  are  summarized  on  figure 
7. 

Regional  Tectonics 

During  Leg  II  of  the  DSDP  basaltic  rocks  of 
middle-late  Jurassic  age  were  reached,  which  pro¬ 
bably  represent  the  uppermost  part  of  '■he  oceanic 
crust  (Hollister,  Ewing  et  al.,  1972).  The  clay 
fraction  of  basaltic  alterations  and  of  interbedded 
clayey  limestones  contains  either  smectite  or  smec¬ 
tite  and  sepiolite  (Fig.  3).  The  petrographical, 
mineralogical  and  chemical  data  indicate  for  these 
minerals  an  alteration  of  tholeiitic  material.  Im¬ 
mediately  overlying  the  basalts,  Oxfordian-Kimme- 


opening  during  the  middle-late  Jurassic  (Hollister, 
Ewing  et  al.,  1972).  The  way  in  which  the  clay 
fraction  of  first  marine  sediments  could  express 
such  a  pheromenon  is  schematically  illustrated  on 
figure  8.  After  the  rift  initiation  accompanied 
only  by  local  and  minor  formation  of  volcanogenic 
clay  minerals  (smectite,  fibrous  clays,  ...)  the 
collapse  of  the  oceanic  crust  led  to  heat  trans¬ 
fers  in  direction  of  adjacent  continental  crust. 

The  result  was  an  uplift  of  the  margins  and  a  cor¬ 
relative  erosion  of  continental  errs.,  and  old  se¬ 
dimentary  blanket,  with  a  detrital  supply  in  the 
your.g  ocean  of  moderately-degraded  primary  mine¬ 
rals.  Afcerwards  the  marginal  topography  progres¬ 
sively  became  more  equilibrated  and  allowed  the 
formation  of  coastal  soils  rich  in  smectite,  which 
was  supplied  during  the  following  periods  (Fig.  3, 
Tithonian-Valanginian) .  Note  that  in  a  strong  vol¬ 
canic  environment,  when  old  continental  sediments 
and  crust  are  poorly  represented,  the  initiation 
of  ocean  may  be  characterized  by  strong  supplies 
of  smectite  derived  of  the  alteration  of  volcanic 
rocks.  An  example  of  such  conditions  is  given  by 
the  Rockall  Plateau,  which  formed  during  early 
Paleogene  in  the  volcanic  environment  of  the  South 
Iceland  sea  (Fig.  5,  Fig.  12).  In  all  these  cases 
the  first  stages  of  the  ocean  formation  appear  to 
be  marked  by  a  high  erosion  of  emerged  land-masses, 
clearly  expressed  by  clay  assemblages.  The  regional 
tectonic  influence  on  clay  mineralogy  is  preponde¬ 
rant  and  does  not  permit  to  identify  possible  cli¬ 
matic  effects  during  these  periods. 

Similar  mineralogical  changps  as  those  described 
above  occurred  elsewhere  ir.  late  Jurassic,  Creta¬ 
ceous  and  early  Paleogene  of  the  North  Atlantic, 
probably  indicating  a  succession  of  stages  of  rif¬ 
ting,  of  sea-floor  spreading  and  consequent  margi¬ 
nal  reactions,  followed  by  stages  of  relaxation 
(Sibuet  et  al.,  in  press).  A  preliminary  interpre¬ 
tation  of  these  changes  is  proposed  on  figure  II. 
Note  that  off  the  Morocco  (Leg  50)  the  strong  sup¬ 
ply  of  primary  minerals  concerns  almost  all  upper¬ 
most  Jurassic  and  early  Cretaceous  time,  possibly 
pointing  to  continuous  active  tectonic  on  the 
north-western  African  margin  (Lancelot,  Winterer 
■  al.,  in  press). 


ridgian  red  clayey  limestones  show  a  typical  detri¬ 
tal  assemblage  of  minerals.  More  or  less  altered 
illite  and  chlorite  are  accompanied  by  irregular 
mixed-layers,  poorly  crystallized  smectite,  quartz 
and  feldspars.  Such  an  assemblage  suggests  a  strong 
erosion  of  both  rocks  and  little  evolved  soils. 

The  rare  earth  composition,  marked  by  a  relative 
enrichment  in  light  elements,  characterizes  conti- 
n«  '1  supplies  (comm.  C.  Courtois).  There  is  no 
si*,-  Z  any  influence  of  crust  on  the  formation  of 
sedimentary  clays.  Such  a  strong  and  fairly  short 
event  is  interpreted  as  an  evidence  of, a  major  tec¬ 
tonic  event  in  North  East  America,  where  continen¬ 
tal  rocks  outcrop  widely  and  are  rich  in  primary 
minerals  (continental  crust,  old  sedimentary  depo¬ 
sits)  .  The  cause  of  the  tectonic  event  is  probably 
one  of  the  first  stages  of  North  Western  Atlantic 
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Physiography 

Detrital  fibrous  cliys  are  common,  although 
in  low  amounts  in  the  Mesozoic  and  Cenozoic  series 
drilled  on  both  Atlantic  margins.  A  few  periods 
however  ah'"?  a  strohg  increase  of  these  minerals 
in  marine  diluents  (Fig.  2,  Fig.  3).  It  is  the 
case  r.  '’-eastern  margins  at  least  in  Albian 
time,  r  ■-,*  by  numerous  broken  fibers  of  attapul- 
gite  (r  lygorskite)  dispersed  among  other  detrital 
minerals.  It  is  also  the  case  in  Paleogene  and 
mostly  early  Eocene  times  on  all  Atlantic  margins, 
characterized  by  sepiolite  in  very  long  and  fle- 
xuous  fibers,  and  attapulgite  in  free  fibers  or  as 
outgrowths  at  the  edge  of  smectite  sheets.  Another 
attapulgite  major  stage  occurs  during  Oxfordian- 
Kimmeridgian  time  off  the  north-west  margin  at 


1  rift 


INITIATION 


Oceanic  Crust 


2 .  OCEAN  INITIATION 


|  ILLITE  and  other  detrital  minerals  S  SMECTITE  and  other  volcanogenic  minerals 

Figure  8.  Influence  of  the  ocean  initiation  on  the  clay  sedimentation 
in  a  strong  continental  environment. 


least  (Leg  II,  Site  100  ;  see  also  Zemmels  and 
Cook,  1972). 

Fibrous  clays  occurring  in  marine  sequences  stu" 
died  here  are  essentially  detrital,  but  they.for- 
med  in  peculiar  sedimentary  or  pedogenic  environ¬ 
ments  before  their  erosion  and  reworking  (Millot, 
1964  ;  Millot  et  al.,  1969  ;  Trauth,  1974  ;  Weaver 
and  Beck,  1977) .  The  climate  was  marked  by  a  con¬ 
trasting  alternation  of  humid  and  hot  episodes 
allowing  upstream  hydrolysis  and  ionic  mobiliza¬ 


tion  with  arid  episodes  allowing  down-stream  crys¬ 
tallization.  Climatic  parameters,  however,  were 
not  sufficient  for  providing  the  alkaline  chemical 
conditions  needed  for  the  massive  genesis  of  alu¬ 
minous-magnesian  fibrous  clays.  A  very  important 
factor  was  the  presence  of  restricted  areas  where 
ionic  supplies  were  trapped  and  crystallization 
occurred.  This  supposes  the  existence  of  enclosed 
or  semi-closed  marginal  basins,  at  least  tempora¬ 
rily  isolated  from  open  sea,  in  which  evaporitic 
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clays  such  as  sepiolite  and  attapulgite  formed  •» 
sediments  and/or  calcareous  crusts.  Thus  the  main 
conditions  responsible  for  the  formation  of  large 
amounts  of  fibrous  clays  appears  to  be  of  a  phy¬ 
siographic  nature,  namely  the  development  of  con¬ 
fined  basins  all  along  the  Atlantic  margins  at 
some  privileged  periods  (Fig.  9,  A  ;  Fig.  11).  An 
argument  for  the  secondary  importance  of  climatic 
factors  compared  to  topographic  ones  consists  in 
the  local  development  of  evaporitic  clays  in 
brackish  or  lacustrine  basins  until  the  late  Mio¬ 
cene,  when  world-wide  cooling  was  starting  since 
a  long  time  (i.e.  South  of  United* States ,  Heaver 
and  Beck,  ,1977  ;  South  of  France,  Chamley,  Roux 
and  Colomb,  unpubl.).  Note  that  such  restricted 
conditions  locally  permitted,  especially  during 
Paleocene-Eocene  (Millot,  1964  ;  in  Chamley,  1971), 
the  development  not  only  of  fibrous  clays  but  also 
of  smectite,  zeolites  (clinoptilolite) ,  opal  CT, 
sometimes  phosphate  or  hydrocarbon  deposits 
(Miliot,  1964  ;  Sommer,  1972  ;  Lucas  and  Prevot, 
1975  ;  Trauth,  1974  ;  Weaver  and  Beck,  1977). 

The  presence  of  large  amounts  of  fibrous  clays 
in  open  marine  sediments  results  from  the  instabi¬ 
lity  of  Atlantic  margins  at  Cretaceous  and  Paleo¬ 
gene  tijnes,  when  the  ocean  widened  in  irregular 
steps,  the  reworking  in  debris  flows,  turbidites, 
slumps,  and  other  massive  displaced  deposits  was 
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determined  by  the  marginal  subsidence  (Fig.  9,  A’) 
In  some  cases  the  formation  and  strong  reworking 
of  fibrous  clays  seem  to  be  sub-contemporaneous, 
as  suggested  by  the  large  extension  of  the  pheno¬ 
menon  (form  North  of  France  to  Cape  Town  basin  at 
early  Eocene  time)  and  by  the  only  local  presence 
of  these  minerals  in  continuously  reworked  sedi¬ 
ments  (Albian  of  west  european  margin).  The  rewor¬ 
king  of  fibrous  clays  continued  in  a  decreased  way 
after  the  periods  of  their  formation,  ar  it  is  the 
case  for  all  minerals  supplied  from  old  rocks  and 
soils  (Fig.  2  to  4) . 

To  summarize,  the  periodic  development  of  sepio¬ 
lite  and  attapulgite  in  marine  sediments  at  diffe¬ 
rent  Mesozoic  and  Ceno  :oic  stages  reflects  the 
temporary  existence  or  a  peculiar  physiography  on 
the  Atlantic  margins  (confined  basins),  combined 
with  contrasted  climate  responsible  for  the  lati¬ 
tudinal  zonation  of  the  phenomenon  (Fig.  12)  and 
with  tectonic  instability  responsible  for  the  de- 
trital  supply  of  evaporitic  clays  in  the  open 
ocean. 

Currents  -  Global  Tectonics 

Off  the  Iberian  peninsula  (Leg  47B,  Site  398) 
a  gap  exists  in  the  sedimentation  which  includes 
most  of  Cenomanian;  Coniacian  and  part  of  Santo- 
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WEAKNESS  OF  MERIDIAN  CURRENTS 


2  DURING 

WIDENING.  MARGIN  TECTONICS  AND 


EROSION  INCREASE  IN  NORTHERN  AREAS 


3  AFTER 


STABILIZATION 


DECREASE  OF  NORTHERN  EROSION 


^  |  CONTINENTAL  SUPPLY  - ^MARINE  MERIDIAN  CURRENTS  - >  MARINE  TRANSFER  OF  CLAY 

|  ‘ILITE  and  other  primary  minerals  S  SMECTITE  and  other  pedogenic  minerals 

Figure  10.  Continental  drift,  oceanic  widening  and  meridian  currents. 

Influence  on  the  clay  sedimentation. 


nian  time.  The  immediately  overlying  deposits, 
from  late  Santonian  to  Maastrich.ian,  show  a  pecu¬ 
liar  clay  mineralogy  (Fig.  2) .  Succeeding  to  smec¬ 
tite-rich  gray  and  then  reddish  sediments,  red 
calcareous  marls  occur  containing  much  illite  and 
associated  minerals  (chlorite,  quartz,  feldspars), 
and  also  increased  amounts  jf  kaolinite  and  mixed- 
layers.  On  the  other  hand  smectite  and  fibrous 
clays  are  present  in  lesser  amounts  or  are  missing. 

A  simple  explanation  would  be  to  relate  this  tempo¬ 
rary  fact  to  the  initiation  of  Pyrenees  mountains 
(Boillot  and  Capdevila,  1977).  Such  a  tectonic  re¬ 
juvenation  would  easily  justify  the  strong  erosion 
of  both  rocks  and  soils  outcropping  on  the  Iberia 
peninsula. 

But  the  mineralogical  event  disappeared  at  the 
beginning  of  the  Tertiary  (Paleocene),  just  before 
the  major  stages  of  Pyrenees  formation  took  place. 
Moreover  the  mineralogical  event  has  a  wide  exten¬ 
sion  foV  it  is  recognized  off  the  old  and  rather 
stable  Armorican  margin  (Leg  48,  Fig.  4)  as  well  as 
off  the  north-east  American  margin  (le:  11,  Fig.  3). 
Thus  the  mineralogical  change  is  difficult  to  cor¬ 
relate  wi -h  a  regional  tectonical  activity.  It  more 
probably  proceeds  from  a  major  opening  stave  of  the 
North  Atlantic  ocean,-  allowing  the  setting  up  of 
strong  North-South  marine  currents.  Note  that 


strong  currents  are  recognized  on  the  Blake  Plateau 
starting  just  before  the  Campanian  (Sheridan,  this 
vol.).  The  primary  clay  species  (illite,  chlorite) 
and  associated  minerals,  largely  outcropping  in 
northern  areas  (Biscaye,  1965  ;  Griffin  et  al., 

1968  ;  Kolia  et  al.,  in  press),  could  have  been 
transported  towards  the  middle  latitudes  at  that 
moment,  in  the  same  time  as  other  minerals  such  as 
mixed-layers  derived  of  low  alteration  processes 
(Chamley,  1475)  and  kaolinite  contained  in  old  se¬ 
dimentary  rocks  (Darby,  1975).  The  cause  of  the 
major  current  event  is  probably  the  separation  of 
Canada  and  Greenland  at  late  Cretaceous  time 
(Berggren  and  Hollister,  1975),  inducing  marginal 
tectonics,  large  meridian  water  exchanges  and  dis¬ 
placement  of  mineral  suspensions  (Fig.  10) .  The 
cause  cannot  be  a  widening  of  the  North  East 
Atlantic,  for  the  Norvegian  Sea  and  the  South  Ice¬ 
land  Sea  formed  at  the  Paleocenc-Eocene  time  only 
(Talwani,  Udinstev,  et  al.,  197'5  ;  Montadert, 
Roberts  et  al.,  in  press). 

In  the  most  complete  sequence  recovered  (Site 
398)  the  mineralogical  evolution  shows  two  suc¬ 
cessive  stages  interrupted  by  a  short  increase  of 
smectite  content:  This  could  express  an  ocean  en¬ 
larging  in  two  steps.  The  progressive  increase  of 
smectite  supply  in  sediments  after  the  Haastrich- 
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Conclusions 

The  examples  exposed  in  this  paper  merely  intend 
to  propose  a  use  of.  the  clay  fractions  of  sedi¬ 
ments  for  reconstructing  past  continental  and  depo- 
sitional  environments.  The  data  base  utilized  in 
this  study  does  not  allow  to  present  a  synthesis  on 
the  subject.  It  is  neo.csary  to  develop  these  stu¬ 
dies  in  a  large  way-,  from  most  of  available  drill 
sites.  Nevertheless  on  attempt  at  interpreting  the 
data  is  presented -her  ,  for  the  late  Mesozoic  and 
Cenozoic  interval  -of  the  North  East  Atlantic. 


Clay  Sedimentation  and  Chronology  (Fig.  II) 

Twenty-six  mineralogical  events  have  been 
identified  from  tne  late  Kimmeridgian  to  the  Ple¬ 
istocene  (Legs  47A,  47B,  48,  SO),  and  are  inter¬ 
preted  in  terms  of  climate  and  tectonics,  with  in¬ 
dications  on  physiography,  marine  currents  and  lo¬ 
cal  diagenesis.  The  most  important  events,  sunoari- 
zed  on  Table  1  and  discussed  in  the  text  above, 
show  the  predominant  influence  of  climate,  tecto¬ 
nics  and  sometimes  physiography  on  composition  and 
variations  of  clay  assemblages.  Each  of  these  fac- 
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tors  Bay  at  times  become  dominant  and  can  determine 
the  main  character  of  the  clay  sedimentation.  The 
different  causes  of  changes  recorded  in  deep  sea 
sediments,  however,  are  generally  interconnected 
and  constitute  sorts  of  chains,  the  first  link  of 
which  is  variable  according  to  time  and  space.  Such 
a  deciphering  of  the  respective  importance  of  each 
factor,  from  an  analysis  of  the  clay  facies,  repre¬ 
sents  a  new  approach  to  paleoenvironmental  inter¬ 
pretation. 


The  comparison  of  data  available  for  all  drill 
sites  for  a  given  time  slice  allows  the  establish¬ 
ment  of  paleomineralogical  maps  and  their  interpre- 
tion.  After  collecting  and  interpreting  the  average 
-etaceous  and  Cenozoic  variations  of  different  mine- 
.alogical  groups  compiled  in  sections  located  from 
off  West-Africa  (Leg  14)  to  South  Iceland  (Leg  48) 
(Fig.  12,  left  above),  the  main  latitudinal  varia¬ 
tions  are  sutanarized  as  a  first  attempt  for  early 
Eocene  (right  below),  late  Miocene  (right  above) 
and  Pliocene  (left  below) .  The  principal  factor 
responsible  for  the  geographical  changes  is  climate 
and  the  information  concerns  the  latitudinal  dis¬ 
tribution  and  extension  of  paleoclimatic  belts.  The 
large  development  of  smectite-rich  deposits  at  Cre¬ 
taceous  and  Paleogene  time  contrasts  with  the  well 
defined  zonation  of  climatic  belts  (cold,  temperate, 
desertic,  tropical)  in  recent  ages,  indicating  a 
complication  of  the  world  zonation  due  to  Cenozoic 
coolings.  Further  steps  are  envisaged  such  as  the 
recognition  of  migration  of  the  "continental"  clima¬ 
tic  Equator  in  the  course  of  time,  related  to  the 
plate  motion  and  the  establishment  of  oceanic  cur¬ 
rents.  Other  informations  (Table  X,  Fig.  12)  concern 
distinctions  between  regional  and  global  tectonics, 
identification  of  alluvial  petrographic  provinces, 
and  relative  importance  of  rock  and  soil  detrital 
supplier  into  the  ocean. 
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Abstract.  Concentrations  of  organic  matter 
have  been  widely  observed  in  Cretaceous  marine 
sediments  of  the  Atlantic.  However,  they  are 
related  to  several  different  sources  and/or  con¬ 
ditions  of  preservation.  The  three  basic  types 
of  organic  sedimentation  in  marine  environments 
are  (A)  organic  matter  of  marine  origin  deposi¬ 
ted  in  a  reducing  environment  (B)  terrestrial 
organic  matter  transported  and  incorporated  in 
the  sediment  with  a  moderate  degradation  (C) 
residual  organic  matter  of  terrestrial  origin, 
which  has  been  highly  degraded  in  subaerial  soils 
prior  to  transportation.  This  kind  of  degradation 
may  have  affected  contemporaneous  and/or  recycled 
organic  matter.  In  addition  to  that,  there  are 
mixtures  of  different  sources. 

Conditions  of  preservation  may  be  the  con¬ 
trolling  factor  for  organic  sedimentation  of 
marine  origin.  Terrestrial  organic  matter  is 
mainly  controlled  by  climate  and  land  physiogra¬ 
phy.  Residual  organic  matter  may  be  spread  over 
wide  areas,  regardless  of  the  local  environment. 
The  occurrences  of  dark  or  carbonaceous  shales 
and  mudstones  in  the  North  Atlantic  are  considered 
in  the  light  of  the  successive  stages  of  ocean 
evolution  and  interpreted  in  terms  of  origin  of 
the  organic  input  and  environment  of  deposition. 

1.  Introduction 

Accumulations  of  organic  matter  as  great  as 
307.  of  the  sediment  have  been  reported  in  many 
cores  of  Cretaceous  shales,  mudstones  and  marls 
from  various  locations  in  the  Atlantic  Ocean. 

Such  organic  rich  beds  are  frequently  found  in 
Aptian-Albian  or  Cenomanian  to  Coniacian  beds, 
although  they  may  occur  in  other  horizons 
(Schlanger  and  Jenkyns,  1976  ;  Thiede  and  Van 
Andel,  1977  ;  Ryan  and  Cita,  1977). 

Several  hypotheses  have  been  considered  with 
respect  to  the  paleogeography  of  these  sediments. 
In  fact,  geochemical  analyses  show  that  different 
types  of  organic  matter  are  involved  (Berger  and 
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Von  Rad,  1972  ;  Ryan  and  Cita,  op.  cit.).  Thus 
it  is  necessary  to  first  determine  the  type 
and  origin  of  the  organic  matter,  before 
conclusions  are  reached  in  terms  of  environment 
of  deposition. 


2.  Types  of  organic  matter 

The  insoluble  fraction  of  the  organic 
Latter  (usually  called  kerogen)  generally  amounts 
to  ca.  95-99Z  of  the  total  organic  matter  in 
Cretaceous  beds  of  the  Atlantic.  Kerogen  may  be 
studied  directly  on  the  rock  by  pyrolysis 
'Espitalld  et  al,  1977)  or  after  destruction  of 
the  mineral  matrix  (Tissot  et  al,  1976).  Pyro¬ 
lysis  is  usually  performed  as  a  scanning  method. 
For  shallowly  buried  sediments  the  results  of 
pyrolysis  allow  one  to  distinguish  che  different 
types  of  organic  matter,  and  subsequently  to 
process  a  limited  number  of  samples  for  kerogen 
isolation.  In  turn,  kerogen  analyses  are  used  to 
check  the  organic  type  assigned  from  pyrolysis 
data.  Furthermore,  elemental  analysis  of  kerogen 
and  infrared  spectrometry  provide  informations 
on  the  chemical  composition  of  the  organic  matter. 
For  instance  high  values  of  the  H/C  atomic  ratio 
(ca.  1.5)  mean  a  low  aromaticity  and  a  large 
abundance  of  saturated  chains  and  cycles.  The 
relative  proportion  of  these  groups  can  also  be 
evaluated  by  using  the  ratios  of  certain  bands 
of  infrared  absorption,  like  K-.^/IC,-  and 
*4.455^1630'  T}le  absorptions  aP2900lafia  1*55 
cm-I  are  related  to  saturated  CH,  and  CH,  groups, 
whereas  the  absorption  at  1630  cs-1  comprises  in 
particular  the  effect  of  the  aromatic  nuclei. 

Tbe  K2900^K1710  r*tio  indicates  the  relative 
contrlButioa  of  saturated  CH-  «.d  CH,  groups 
(2900  ca-1  band)'versus  oxygenated  functional 
groups  (1710  im»-l  band).  Finally  Optical  examina¬ 
tion  by  transmitted  and  reflected  light  provides 
information  on  the  origin  of  the  organic  consti¬ 
tuents,  and  also  on  the  stage  of  thermal  mature- 
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tion.  In  particular,  the  reflectance  of  huninite- 
vitrinite,  one  of  the  main  aacerals  of  coals  also 
occurring  in  shales,  is  one  of  the  best  maturation 
parameters  (Hood  and  Castarfo,  1974  ;  Dow  ,  1977). 
Reflectances  below  0.3%  are  indicative  of  very 
immature  organic  material.  The  analytical  data 
related  to  legs  41,  44,  47,  48,  50  and  51  to  53 
have  been  reported  by  Deroo  et  al  (Initial  Reports 
of  DSDP,  in  press). 

Table  I  and  fig.  1  and  2  show  some  significant 
data  related  to  the  kerogen  of  eight  samples  of 
Cretaceous  carbonaceous  shales  or  mudstones.  Fi'e 
of  them  (A.,  B2>  C  ,  D1  and  Dj)  originate  from  the 
North  Atlantic;  ana  three  (A^;  B,,  C from  the 
South  Atlantic.  The  four  pairs  of  samples,  A.-A., 

B  -B.,  C.-C.  and  D-D  are  representative  ofAthe 
cost2 frequ  nt  situations  met  in  the  Atlantic 
cores,  although  all  transitions  can  be  observed. 

The  various  parameters  shown  in  table  I  can  be 
compared  with  the  values  observed  on  well  known 
series  of  organic  matter  (Tissot  et  al,  1974  ; 

Robin,  1975).  For  the  sake  of  comparison,  it 
should  be  noted  that  the  eight  samples  belong 
to  the  immature  stage  of  the  thermal  evolution 
of  the  organic  matter  (diagenesis)  :  depths  of 
burial  range  from  365  to  1636  m  ;  huminite  reflec¬ 
tances  measured  on  contemporaneous,  non-reworked 
material,  are  lower  than  0.25%. 

a)  Kerogens  of  samples  A  -A.  are  hydrogen 
rich  (1.3<H/C<.1.5)  and  their  oxygen  content  is 
low  to  moderate.  Infrared  and  elemental  analyses 
show  an  abundance  of  aliphatic  structures,  whereas 
aromatic  nuclei  and  oxygenated  functional  groups 
are  only  subordinate  (fig.  2).  These  various  data 
can  be  compared  with  the  characters  of  kerogen. 
type  II  (Tissot  et  al.,  op.  cit.),  e.g.  Lower  Toar- 
cian  shales  of  the  Paris  Basin  or  Silurian  shales 
of  Algeria  and  Libya.  The  organic  matter  can  be 
considered  as  derived  from  marine  (or  lacustrine) 
organisms  (phyto-and  zooplankton)  deposited  in  a 
reducing  environment.  This  type  of  organic  matter 
is  commonly  referred  to  as  Sapropelic".  However 
we  shall  avoid  this  nomenclature,  because  the  same 
word  is  frequently  used  to  describe  an  amorphous 
organic  matter  on  optical  examination  by  transmit¬ 
ted  light.  Although  sample  A.  contains  almost  10 0% 
amorphous  organic  matter  (fig.  3  and  4),  the  same 
optical  character  may  be  found  in  other  types  of 
kerogen,  e.g.  terrestrial  organic  matter,  under 
certain  circumstances. 

b)  Kerogens  of  samples  B, -B^  contain  less 
hydrogen  than  A  -A,  and  more  oxygen,  despite  a 
comparable  degree  of  immaturity  shown  by  their 
burial  depths  and  huminite  reflectances.  The  rela¬ 
tive  abundance  of  aliphatic  structures  is  somewhat 
'  lower  in  samples  B.-B  ,  as  compared  to  aromatic  and 
functional  groups. 1Thts  fact  is  clearly  shown  by 

the  values  of  H/C,  X2qoo/K1630t*nd  ^$00  *] 710^ 
ratios,  which  are  loverthi^Ebe  valuls  aet-ured 
in  samples  A. -A,.  The  organic  matter  of  sables 
B  -B,  can  be1  considered  as  a  mixture:  of  kerogen 
type2 IX  (planktonic)  and  ill  (terrestrial),  accor- 
ding  to  the  suk  nowencleture  (op*  cit.)*  All 
ratios  of  mixture  seem  to  exist  :  the  proportion 


of  type  II  kerogen  is  high  in  sample  B  ,  whereas 
type  III  predominates  in  sample  The  admixture 
of  terrestrial  material  is  corroborated  by  optical 
examination  (presence  of  vegetal  or  coaly  debris). 

c)  Kerogens  of  samples  C, -C  are  hydregen 
poor  (H/C<1)  and  oxygen  rich;  Tne  relative  abun¬ 
dance  of  aliphatic  structures  is  low,  as  compared 
to  aromatic  and  oxygenated  functional  groups  : 
the  K  /K  and  K  /IL-OO  ratios  are  lower 
than  I. ihe^data  shown  i!n  table  I  can  be  compared 
with  the  characters  of  kerogen  type  III  (op.  cit.), 
e.g.  Upper  Cretaceous  shales  of  Douala  Basin.  The 
organic  matter  is  considered  as  terrestrial,  mos¬ 
tly  derived  from  higher  plants  and  moderately  de¬ 
graded.  The  important  contribution  of  lignin  is 
probably  responsible  for  the  abundance  of  oxygen 
and  aromatic  rings.  The  major  participation  of 
terrestrial  organic  matter  is  confirmed  by  the 
high  percentage  of  vegetal  plus  coaly  debris,  on 
optical  examination  by  transmitted  light.  Further¬ 
more  these  observations  have  shown  that  the  ter¬ 
restrial  organic  matter  comprises  mainly  contem¬ 
poraneous  material  (e.g.  huminite  with  0.17% 
reflectance  in  sample  C  )  and  also  a  certain  frac¬ 
tion  of  recycled  material  (marked  by  a  wide  spec¬ 
trum  of  vitrinite  with  different  reflectances). 

d)  Kerogens  of  samples  D-D.  are  also  hydro¬ 
gen  poor  or  very  poor  (H/C  *  0.5o  in  D^)  but  the 
abundance  of  oxygen  is  abnormally  high  (0/C  ” 

0.28  and  0.26).  In  particular,  the  H/C  ratios 
observed  in  D  (H/C  =  C.80)  and  in  D  (H/C  = 

0.58)  would  correspond  to  0/C  ratios  lower  than 
0.2  and  0.1,  respectively,  along  a  normal  evolution 
path  :  fig.  1.  It  can  be  observed  that  some  Creta¬ 
ceous  samples  of  legs  47B  and  48  are  so  hydrogen 
poor  and  oxygen  rich  that  they  fall  outside  of  the 
usual  field  of  kerogens,  when  plotted  on  the  Van 
Krevelen  diagram  of  fig.  1.  Furthermore  elemental 
and  infrared  analyses  suggest  that  aliphatic 
structures  are  almost  absent,  whereas  aromatic 
nuclei  and  oxygenated  functional  groups  are  abun¬ 
dant  (fig.  2).  These  data  can  be  related  to  the 
contribution  of  terrestrial  organic  matter  whic'* 
has  suffered  an  intense  weathering  and  oxidation 
in  subaerial  soils.  This  kind  of  degradation  may 
have  affected  contemporaneous  and/or  recycled 
organic  matter.  For  instance  D.  contains  a  huminite 
fraction  with  a  reflectance  of  0.22%,  which  Is 
obviously  contemporaneous,  together  with  dark  or 
coaly  debris,  which  is  probably  oxidized  and/or 
recycled  :  fig.  5.  Sample  D„  shows  a  wide  spectrum 
of  reflectance  values  (Cornlord,  pers.  cotas. )  that 
are  a  characteristic  of  this  kind  of  organic 
matter  :  90%  of  the  vitrinite  of  this  sample  is 
probably  recycled,  with  a  maximum  frequency  corres¬ 
ponding  to  1%  reflectance.  This  particular  type 

of  kerogen,  resulting  from  deep  weathering  and 
oxidation  of  contemporaneous  and/or  recycled  organic 
matter,  will  be  called  residual  kerogen  in  this 
paper.  The  importance  of  weathering  and  oxidation 
is  confirmed  by  the  percentage  of  inerticite  mea¬ 
sured  in  reflected  light  :  30%  of  the  total  orga¬ 
nic  matter  and  65%  of  the  particulate  organic  matter 
in  sample  D^. 
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Fig.  1  Elementary  composition  of  kerogens  from 
Horth  Atlantic  (Van  Krevelen  diagram).  Three 
samples  from  South  Atlantic  (A  ,  B- ,  C  )  are 
shoun  for  comparison.  Samples  marked  A!'  to  D 
are  also  shown  in  Table  I.  1  1 


3.  Distribution  of  the  organic  matter  in 

Cretaceous  cores  of  the  North  Atlantic 

The  abundance  of  organic  matter  in  Cretaceous 
cores  varies  widely.  Frequently  a  background  of 
terrestrial  and/or  residual  organic  matter  is  found 
at  a  level  of  0.3  or  0.57.  organic  carbon  (by  weight 
of  dry  rock) .  We  shall  consider  as  "accumulations" 
of  organic  matter  the  abundances  over  i.7.  organic 
carbon  by  weight.  Such  accumulations  may  reach  307. 
in  the  case  of  marine  kerogen  (type  II),  in  Creta¬ 
ceous  cores  of  the  North  Atlantic,  The  maximum 
values  found  for  terrestrial  (type  III)  and  resi¬ 
dual  organic  matter  are  ca.  87.  and  37.  respectively. 
In  the  following  paragraphs,  only  accumulations  of 
organic  matter  with  more  than  17.  organic  carbon 
are  discussed. 

During  Lower  Cretaceous  time,  accumulations 
of  pure  marine  organic  matter  (type  II)  over  a  con¬ 
tinuous  section  is  only  known  in  the  Southeastern 
part  of  the  North  Atlantic  basin  :  Cape’Verde 
Basin  (Alblan,  site  367),  continental  slope  off 
Western  Sahara  (Aptian-Albian  site  369,  fig;  6. 
Discrete  beds  containing  ^marine  organic  matter  are 
found  in  the  deep  basin  off  Morocco  (Aptian-Albian, 
Sites  370,  416  and  possibly  135)  and  on  the  Blake 
Plateau  (Barremian  to. Alblan,  Site  390).  Admixture 
of  marine  and  terrestrial  (type  III)\brganic  matter 
occurs  in  the  Cape  Verde  Basin  (Neocomian. to; Aptian, 
Site  367)  in  the  abyssal  plain  south  of. Bermuda 
(Aptian-Albia.i,  Sites  417/418)  and  in  the  basin  off 
Morocco  where -'terrestrial'  organic-matter  is  predomi¬ 


nant  (Neocomian  to  Albian,  sites  370  and  416). 
Elsewhere  terrestrial  organic  matter  (type  III)  is 
the  main  source  of  kerogen  accumulations  during 
Lower  Cretaceous,  with  some  admixture  of  residual 
kerogen.  This  situation  is  found  in  several  places 
off  United  States  and  Bermuda  (sites  391,  105  and 
368).  Towards  the  northeastern  end  of  the  Atlantic, 
the  residual  kerogen  is  the  main  organic  input  in 
Aptian  or  Albian  time  (site  39E  off  Portugal,  sites 
400  and  402  in  the  Bay  of  Biscay) . 

During  Upper  Cretaceous,  accumulations  of 
pure  marine  organic  matter  (type  II)  continues 
through  Cenomanian  to  Coniacian  in  the  Cape  Verde 
r  sin  (site  367)  and  is  also  known  over  approxi¬ 
mately  the  same  period  on  the  Cape  Verde  and 
Demerara  riser,  (sites  368  and  144)  :  fig.  /.  Dis¬ 
crete  beds  (1)  containing  marine  organic  matter 
and/or  admixtures  of  marine  and  terrestrial 
kerogen  are  known  in  many  places  in  the  North 
Atlantic,  mainly  during  Cenomanifu  :  off  Western 
Sahara  (Conlacian-Santonian,  site  369  ;  Cenomanian, 
site  138),  off  Morocco  (Cenomanian,  site  415  and 
possibly  135),  off  Portugal  (Cenomanian  under 
unconformity,  site  398)  off  United  States  and 
Bermuda  (Cenomanian,  sites  105,  386,  387,  and  417/ 
418).  However,  the  terrestrial  input  is  generally 


(l)  in  some  instances  the  discrete  character 
may  be  due  to  discontinuities  in  the  availability 
of  cores . 
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the  main  source  of  organic  accumulations  in  the 
rest  of  Upper  Cretaceous  with  the  exception  of  the 
Cape  Verde  and  Demerara  areas.  Terrestrial,  inclu¬ 
ding  residual,  organic  matter  is  also  responsible 
for  the  very  lean  organic  material  spread  ovei  the 
North  Atlantic  during  the  late  part  of  Cretaceous. 

The  distribution  of  the  organic  matter  in  the 
Cretaceous  of  •'he  North  Atlantic  appears  rather 
different  from  the  distribution  observed  in  the 
South  Atlantic  by  Deroo  et  al  (1978).  There  accu¬ 
mulation  of  organic  rich  beds  occurs  over  a  conti¬ 
nuous  section  covering  Aptian  and  sometimes  part 
of  Albian  and  Neocomian,  in  the  Angola  Basin 
(planktonic),  in  the  Cape  Basin  and  on  the  Falkland 
Plateau  (alternation  and  mixture  of  planktonic 
and  terrestrial).  This  situation  can  cnly  be  com¬ 
pared  with  that  found  in  the  Southeastern  part  of 
North  Atlantic,  from  Cape  Verde  to  Morocco.  The 
second  accumulation  of  planktonic  organic  matter 
during  Cenomanian-Turonian  reported  in  the  Angola 
Basin  (op.  cit.)  can  be  paralleled  with  the  situa¬ 
tion  in  the  Demerara  and  Cape  Verde  areas,  and 
also  with  the  discrete  beds  containing  marine 
organic  matter  observed  during  Cenomanian,  in  many 
places  of  the  North  Atlantic. 


Fig.  2  Infrared  spectrometry  of  four  typical 
kerogens.  The  symbols  refer  to  samples  shown 
la  table  I  and  fig.  1. 
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Fig.  3  Flakes  of  amorphous  organic  matrer 
(type  II)  :  leg  40  site  36a,  core  45-2. 


4.  Environments  responsible  for  t ie 

accumulation  of  organic  matter 

The  various  types  of  organic  matter  presen¬ 
ted  abov,  require  r.' ther  different  climatic, 
physiographic  and  oceanologic  conditions  for  thair 
production,  preservation  and  accumulation.  These 
conditions  are  schematically  presented  on  fig.  8. 

A  special  consideration  will  be  given  to  accumula¬ 
tion  of  organic  matter  under  deep  water  conditions, 
as  pale obathymetric  reconstructions  (Sclater  et 
al,  1977)  suggest  that  most  organic  rich  Cretaceous 
sediments  of  the  North  Atlantic  have  been  deposited 
under  water  depths  of  ca.  1500  to  5000  m,  In  the 
South  Atlantic,  Thiede  and  Van  Andel  (1977)  showed 
that  comparable  sediments  were  deposited  under 
water  depths  ranging  from  less  than  500  m  to  more 
than  3000  m. 

The  typical  habitat  for  accumulation  of  the 
marine  organic  matter  (type.  II)  is  a  sea  where 
the  primary  productivity  of  phytoplankton  is 
abundant  (e.g.  along  continental  margins  and  espe¬ 
cially  in  areas  of  upwelling)  and  where  a  substan¬ 
tial  part  of  the  planktonic  material  is  preserved 
(fig.  8).  The  main  factors  of  destruction  of  this 
material  are  feeding  by  heterotrophic  animals 
and  biochemical  degradation  by  aerobic  bacteria. 


Fig.  4  Dispersed  and  flaky  amorphous  organic 
matter  (type  IX)  :  same  core  us  fig.  3. 


This  happens  mainly  during  the  slow  fall  of  the 
dead  organisms  from  the  surface  waters  to  the 
bottom  of  the  sea.  Thus,  the  residence  time  of 
the  organic  particles  in  the  oxygen  containing 
water  column  is  of  great  importance.  This  time 
is  obviously  limited  in  shallow  waters,  and  the 
wide  occurrences  of  black  shales  in  the  Jurassic 
of  W.  Europe,  e.g.,  Lower  Toarcian  of  France  and 
W.  Germany,  were  probably  deposited  under  shallow 
waters.  In  deep  seas,  degradation  is  also  preven¬ 
ted  if  there  is  a  stratified  water  column,  where 
free  oxygen  is  restricted  to  the  surface  water 
layer  and  absent  in  most  of  the  underlying  waters . 
Organic  accumulation  presently  occurs  at  great 
depth  in  the  Black  Sea  and  in  the  Cariaco  Trench 
under  these  conditions.  Oxygen  depletion  is  due 
to  restrictions  to  the  circulation  of  deep  oceanic 
waters,  and  stratification  of  the  water  layers.  The 
conditions  may  range  from  an  extended  anoxic  layer, 
starting  at  shallow  depth  and  spreading  over  most 
>f  the  water  column,  to  a  completely  barred  or 
confined  basin,  si  ch  as  the. Black  Sea,  where  the 
whole  water  columi  is  anoxic  below  175-200  m  depth. 

Preservation  of  marine  organic  matter  may 
eventually  occur  in  open  oceanic  conditions, 

'ithout  restriction  to  water  circulation.  Local 
'r  seasonal  conditions  (important  upwelling,  phy¬ 


toplankton  blooms)  may  generate  a  surplus  of 
productivity,  as  compared  to  heterotrophic  fauna 
and  destructive  microbes.  Thus  a  fraction  of  the 
organic  matter  is  still  preserved,  e.g.  in  places 
along  the  present  western  margin  of  continents. 
Associated  mechanisms  for  preservation  of  organic 
matter  in  open  oceanic  conditions,  are  the  depo¬ 
sition  as  fecal  pellets  and/or  the  existence  of 
reverse  currents  which  greatly  shorten  the  transit 
time. 

A  special  question  is  whether  the  water- 
sediment  interface  has  to  be  anoxic.  From  obser¬ 
vations  made  by  Pelet  (1977,  1978)  on  recent  deep 
sea  sediments  of  the  ORGON  cruises,  it  appears 
that  at  great  water  depth  microbial  activity  is 
usually  much  reduced  and  organic  material  suffers 
little  change  over  the  first  meters  of  burial. 
Thus,  once  organic  material  has  been  preserved 
during  the  transit  through  the  deep  water  column, 
it  can  accumulate  even  in  places  where  the  bottom 
water  is  not  strictly  anoxic. 

The  typical  habitat  for  the  accumulation  of 
moderately  degraded  terrestrial  organic  matter 
(type  III)  can  be  described  as  follows  (fig.  8). 


Fig.  5  Finely  disseminated  organic  matter, 
with  some  ligneous  debris  and  about  507.  of 
dark  or  coaly  debris  which  are  probably  oxi¬ 
dized  and/or  recycled  :  leg  47  B,  site  398 
core  125-5. 
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On  la.  there  is  an  abundant  development  of 
higher  plants  under  humid  climate,  either 
temperate  or  tropical .  The  organic  material  is 
collected  and  transported  by  rivers  to  the 
basin  of  deposition.  A  part  of  the  organic  input 
is  laid  down  in  coastal  areas,  where  appropriate 
conditions  for  preservation  are  found  in  peat 
swamps  and<feltas.  Another  fraction  of  the  organic 
input  is  carried  away  by  currents  into  the  deep 
sea.  Compared  to  marine  organic  matter,  a  specific 
aspect  of  the  terrestrial  organic  input  is  the 
association  with  detrital  mineral  particles  due 
to  a  common  terrestrial  origin,  comparable  parti¬ 
cle  size  and/or  adsorption  on  clay  minerals.  This 
association  is  an  important  factor  of  preservation 
by  shortening  the  transit  time  in  oxygenated 
oceanic  waters  and  protecting  the  organic  consti¬ 
tuents  by  adsorption  on  clays.  Thus  preservation 
and  accumulation  of  terrestrial  organic  matter 
is  much  less  dependent  on  an  oxygen  depletion  than 
accumulation  of  marine  organic  matter. 

Furthermore,  contemporaneous  shallow  organic 
deposits  may  also  be  retransported  by  sliding  and 
turbidity  currents,  particularly  onto  the  base  of 
the  continental  slope.  A  quasi-instant  burial 
would  protect  the  organic  matter  associated  with 
the  turbidites  against  any  further  degradation 
on  the  site  of  re-deposition.  This  situation  is 
rather  common  with  respect  to  terrestrial  organic 
matter,  but  it  may  occasionally  affect  marine 
organic  beds  of  the  slope  :  this  was  suggested 
by  Deroo  et  al  (op.  cit.)  with  respect  to  the 
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Fig.  6  Main  types  of  organic  matter  observed 
in  the  Albian  and/or  Aptian  of  the  North 
Atlantic  (position  of  the  continents  is  only 
approximate  at  110  a.y.}, 
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Fig.  7  Main  types  of  organic  matter  observed 
in  the  Cenomanian  and/or  Turonian  of  the  North 
Atlantic  (position  of  the  continents  is  only 
approximate  at  95  m.y.). 

origin  of  Miocene  black  shales  of  site  397. 

An  extreme  case  of  the  terrestrial  input  is 
the  "residual"  organic  matter,  as  examplified 
by  samples  and  D  in  table  I.  Such  organic 
material  has  probably  been  deeply  degraded  in 
subaerial  conditions  and  cannot  be  degraded  any 
more.  Thus  residual  organic  matter  is  no  more 
sensitive  to  the  specific  conditions  of  deposi¬ 
tion  and  can  be  found  in  any  location  from  the 
shelf,  through  the  oxygen  minimum  layer,  down 
to  the  deep  oxygenated  oceanic  basins.  The 
occur — ce  of  residual  organic  matter  has  little 
value  in  terms  of  paleoenvironment.  For  example, 
sites  400  and  402  of  leg  48  are  closely  spaced, 
but  they  differ  by  about  2000  m  of  water  depth. 
From  sedimentclogical  and  paleontological  studies 
they  are  considered  to  have  been  in  the  same 
relative  position  during  Early  Cretaceous  time. 
(Mon'adert  et  al,  1977).  Despite  this  important 
difference  of  paleobathymetry,  the  same  residual 
organic  matter  is  present  in  both  sites  over 
most  of  the  Aptian  and  Albian  section  (Deroo  et 
al,  op.  cit.),  6?en  if  the  vertical  distributions 
are  different. 

5.  Paleoenvironment  of  the  North  Atlantic 

The  distribution  of  the  organic  matter  may  be 
interpreted  in  terms  of  environment  of  deposition, 
climate,  and  land  physiography, 

a)  Environment  of  deposition  (fig.  9  and  10) 
Rifting  and  spreading  of  the  central  North 
Atlantic  during  Late  Jurassic  had  already  resul¬ 
ted  in  two  elongated  basins  in  exis  ence  during 
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Lower  Cretaceous  and  later  :  the  western  basin 
extending  off  North  America  from  Bahamas  to  New 
England  and  the  eastern  basin  extending  off  North 
West  Africa.  In  turn  two  areas  ran  be  distingui¬ 
shed  In  the  eastern  basin.  The  northern  part,  off 
Western  Sahara  and  Morocco,  and  the  southern  part 
(Cape  Verde)  with  a  more  complex  physiography  due 
to  many  fractures  and  to  the  relatively  late 
connection  with  the  South  Atlantic.  The  Demerara 
area  may  to  some  extent  be  linked  to  this  southern 
part.  In  addition  to  that,  a  younger  northern 
embayment  progressively  develops  between  Portugal 
and  Grand  Banks  and  in  the  Bay  of  Biscay. 

A  general  feature  of  the  western  basin  and 
of  the  northern  embayment  is  the  predominant 
terrestrial  character  of  the  organic  fraction, 
which  is  commonly  composed  of  an- alternation, 
or  a  mixture,  of  terrestrial  moderately  degraded 
(type  III)  and  residual  organic  matter.  The 


scarcity  of  marine  organic  matter  (type  II) 
suggests  the  absence  of  a  generalized  or  extended 
oxygen  depletion  in  the  western  basin  of  North 
Atlantic  and  in  the  northern  embayment.  There  is 
no  reason  to  reject  the  existence  of  an  oxygen 
minimum  layer  at  that  stage,  but  its  value  above 
zero  and  vertical  extension  should  have  been  com¬ 
parable  to  what  is  presently  observed  in  the 
oceans.  Thus  most  of  the  water  column  above  the 
deep  sea  floor  contained  free  oxygen  and  did  not 
favour  a  preservation  of  the  planktonic  macerial. 
This  interpretation  suggests  that  a  good  connec¬ 
tion  was  established  with  the  Pacific,  probably 
allowing  circulation  of  deep  oceanic  waters  into 
the  western  basin.  Furthermore,  the  sites  of  the 
Northern  embayment  (Vigo,  Bay  of  Biscay)  which 
appear  from  current  paleogeographic  reconstruction 
to  be  rather  isolated  during  Aptian-Albian  time, 
have  mainly  shown  residual  organic  matter  derived 

TISSOT  369 


r 


Fig.  9  Distribution  of  the  depositional  environments  during  Lower  Cretaceous 
(Aptian-Albian)  Position  of  the  continental  masses  at  110  m.y.  and  depth  of 
Atlantic  ocean  floor  according  to  Sclater  et  al  (1977)  and  Thiede  and  Van 
Andel  (1977)  with  minor  changes.  Contours  for  Tethys  and  Mesogea  inferred 
from  Biju  Duval  et  al.  (1977).  Contours  for  Carribean  are  purely  hypothetical. 
Shallow  epicontinental  seas  are  not  shown. 


from  the  continent.  This  fact  points  to  the  absen¬ 
ce  of  a  "barren  basin",  despite  adequate  physio¬ 
graphy  in  this  area.  In  addition  to  that,  the 
terrestrial  input  was  considerable,  as  shown  by 
the  high  rate  of  sedimentation. 

A  few  exceptions  to  this  situation  are  known 
in  the  western  basin,  mainly  in  Cenomanian  time, 
where  some  beds  containing  marine  (type  II),  or 
alternations  of  marine  and  terrestrial,  organic 
matter  have  been  found  on  the  Bermuda  and  continen¬ 
tal  rises  and  in  the  abyssal  plain  (sites  105,  387, 
386  and  417-418).  These  facts  suggest  a  temporary 
reduction  of  deep  oceanic  circulations  (from  and 
to  the  Pacific  ?)  and  a  related,  possibly  cyclic, 
extension  of  an  anoxic  layer.  Other  isolated  occur¬ 
rences  of  marine  organic  matter,  e.g.,  a  single 
bed  in  the  Aptian-Albian  of  the  Blake  Plateau,  may 
be  explained  by  local  variations. 

The  situation  is  rather  different  in  the  eas¬ 
tern  basin  where  s?me  accumulations  of  mixed  or 
terrestrial  organic  matter  are  found  in  the 
Neocomian-Barremian  beds.  They  change  to  accumula¬ 
tions  of  marine  or  mixed  organic  matter  in  Aptian- 
Albian  time  (Cape  Verde  basin,  continental  slope 
off  Western  Sahara,  deep  basin  off  Morocco).  Later, 
important  accumulations  of  marine  organic  matter 
occur  in  the  southern  part  of  the  eastern  basin 
(Cape  Verde  basin  and -rise)  and  also  on  the 


Demerara  rise.  This  feature  extends  from  Cenomanian 
to  Coniacian.  The  organic  carbon  content  may  reach 
values  as  high  as  15%  in  the  Cenomanian  and  34%  in 
the  Coniacian  of  the  Cape  Verde  basin.  A  few  dis¬ 
crete  occurrences  of  marine  or  mixed  organic  matter 
have  also  been  found  in  Cenomanian  beds  off  Morocco 
and  Vigo. 

These  data  suggest  the  existence  of  an  exten¬ 
ded  anoxic  layer  in  the  eastern  basin  during  part 
of  the  Lower  Cretaceous,  and  mainly  during  Albian- 
Aptian.  Restrictions  to  oceanic  circulation  may  be 
due  to  a  narrow  and  relatively  shallow  connection 
with  the  Tethys  and  Mesogea  (Biju  Duval  et  al, 
1977),  and  to  the  absence  of  any  deep  connection 
across  the  ridge  to  the  western  basin.  During 
Cenomanian  the  anoxic  layer  possibly  extended 
periodically  to  the  western  basin,  e.g.,  Bermuda 
area. 

After  Cenomanian  time,  the  connection  of  the 
eastern  basin  with  Tethys  and  Mesogea  becomes 
progressively  wider  and  deeper.  Furthermore,  high 
latitude,  cold  waters  probably  entered  the  North 
Atlantic  basins  between  Labrador  and  Greenland 
and/or  between  Greenland  and  Rockall,  Thus,  there 
is  no  more  anoxic  layer  during  the  late  part  of 
Cretaceous,  with  the  exception  of  the  Southern 
end  of  the  eastern  basin.  There,  a  confined  basin 
persists  through  Cenomanian  to  Ccniacien  in  the 
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Fig.  10  Distribution  of  the  depositional  environments  during  Upper  Cretaceous. 
Position  of  the  continental  mass-  at  80  m.y.  and  depth  of  Atlantic  ocean 
floor  according  to  Sclater  et  al  (1977)  and  Thiede  and  San  Andel  (1977)  with 
minor  changes.  Contours  for  Tethys  and  Mesogea  inferred  from  Biju  Duval 
et  al  (1977).  Contours  for  Carribean  are  purely  hypothetical.  Shallow 
epicontinental  sea?  are  not  shown. 
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Cape  Verde  area  and  extends  over  Demerara,  thus 
providing  the  highest  accumulations  of  organic 
matter.  It  is  not  clear  whether  this  feature  is 
due  to  abnormally  high  productivity  (upwelling) 
or  to  a  local  restriction  of  oceanic  circulation 
(fracture  zone,  early  existence  of  the  Canary 
Arch  ?) 

A  comparison  of  the  data  from  North  and 
South  Atlantic  shows  that  the  accumulation  of 
marine  organic  matter  has  been  more  conti¬ 
nuous  and  cmsiderably  more  important  in  the 
South  Atlantic.  There,  the  absence  of  deep  oceanic 
connection  either  to  the  North  Atlantic  or  to  the 
Southern  Ocean  prevented  the  entry  of  deep  oxyge¬ 
nated  oceanic  waters  into  the  Angola  and  Cape  Basins 
during  Lower  Cretaceous  until  M.  Albian  time  (Deroo 
et  al.  op.  cit.).  Thus  a  wide  vertical  extension  of 
an  anoxic  layer  can  be  postulated,  allowing  abundant 
preservation  of  the  planktonic  input  (Schlanger  and 
Jenkyns,  1976  ;  Thiede  and  Van  Andel,  1977).  This 
situation  could  be  compared  only  with  the  environ¬ 
ment  of  the  eastern  basin  of  North  Atlantic  but  it 
is  quite  different  from  the  western  basin  and  the 
northern  embayment. 

During  Upper  Cretaceous,  an  anoxic  environment 
prevailed  again  in  the  Angola  Basin  (Cenomanian- 
Turonian),.  whereas  a  broader  opening  of  the  Cape 
Basin  towards  the  Southern  Ocean  allowed  the  entry 
of  deep  oceanic  water:  As  a  result,  the  anoxic  layer 


disappeared  or  was  considerably  diminished,  and  all 
sites  of  the  Falkland  Plateau  and  Cape  Basin  are 
marked  by  a  terrestrial  organic  input  (Deroo  et  al, 
op.  cit.).  The  southern  part  of  the  eastern  basin 
(Cape  Verde,  Demerara)  may  be  considered  during 
Upper  Cretaceous  as  a  North  Atlantic  equivalent  of 
the  Angola  Basin,  whereas  the  northern  part  and  the 
western  basin  are  generally  comparable  to  the  Cape 
Basin. 

b)  Climate 

The  considerable  input  of  terrestrial  organic 
matter  in  the  North  Atlantic  suggests  a  humid  clima¬ 
te  for  most  of  the  surrounding  lands.  First,  the 
abundance  of  contemporaneous  terrestrial  organic 
matter  shows  that  onland  productivity  of  plants 
was  quite  high.  Then  the  widespread  occurrence  of 
recycled  organic  matter  points  to  an  active  ero¬ 
sion.  Both  require  that  transportation  by  surface 
waters  to  the  basin  of  sedimentation  was  reasonably 
efficient.  ,ji  alternation  of  dense  vegetal  covera¬ 
ge,  rock  weathering  and  soils  erosion  may  be  sug¬ 
gested. 

Rifting  and  separation  between  North  America, 
Africa  and  Europe  did  not  start  in  a  massive  emer¬ 
gent  land,  but  mainly  in  epicontinental  seas.  This 
is  particularly  evident  for  the  northern  embayment 
where  separation  occurred  in  Lower  Cretaceous  bet¬ 
ween  Iberia  and  North  America,  and  also  in  the  Bay 
of  Biscay  (Montadert  et  al,  1977).  The  continental 
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masses  surrounding  the  narrow  oceanic  belt,  during 
Ap' "an-Albian  and  Late  Cretaceous  times,  were  in 
fact  composed  of  several  emergent  lands  and  shallow 
seas  (fig.  11).  Following  the  Purbeck  semi-arid 
period,  the  climate  is  likely  to  have  been  under 
marine  influence  during  a  large  part  of  Cretaceous 
and  to  range  from  tropical  humid  to  temperate 
oceanic.  Under  those  conditions  terrestrial  vege¬ 
tation  was  probably  abundant.  The  climate  and  abun¬ 
dant  vegetation  are  corroborated  by  carbonaceous 
deposits,  including  lignice  and  coal,  known  in 
Europe  and  North  America.  Erosion  was  also  active 
as  proven  by  the  Wealden  deposits  (Allen,  1975)  and 
also  by  the  important  rate  of  terrigenous  seuimen- 
tation  found  in  the  Bay  of  Biscay  and  off  Portugal 
(25  to  50  m  per  m.y.). 

A  comparable  situation  is  possibly  found  at 
the  extreme  south  of  the  Atlantic,  where  a  progres¬ 
sive  widening  of  the  Cape  Basin  during  Cretaceous 
probably  increased  the  oceanic  influence  on  the 
climate.  Again,  the  terrestrial  organic  input  is 
important  and  terrigenous  sedimentation  race  is 
high  :  more  than  100  m  per  m.y.  in  the  Cape  Basin 
during  Aptian-Albian  time  (Van  Andel  et  al.,  1977). 

This  type  of  landscape  contrasts  with  the 
situation  observed  between  South  America  and  cen¬ 
tral  or  western  Africa,  at  the  end  of  Lower 
Cretaceous.  There,  planktonic  organic  matter  is 
either  the  only  or  predominant  source  in  the  Ango¬ 
la  and  Cape  Verde  Basins.  The  initial  rifting  and 
separation  started  there  under  mid-continental 
conditions.  The  land  bordering  the  young  and 
narrow  basins  formed  a  massive  emergent  continent, 
remnant  of  the  ancient  Gondwana  land.  Under  tro¬ 
pical  or  subtropical  latitudes,  the  climate  was 
possibly  comparable  to  that  of  the  present  Central 
Asia,  i.e.  arid  and  semi-desertic.  Another  compa¬ 
rison  would  be  the  present  shores  of  the  young  Red 
Sea,  although  the  surroundipgland  masses  were  more 
important  in  Africa-South  America  during  Early 
Cretaceous.  This  climatic  hypothesis  is  suppor- 
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Fig.  11  Approximate  paleogeography  of  Lower 
Cretaceous.  Position  of  continents  and  depth 
of  ocean  floor  as  in  fig.  9.  Extension  of 
emergent  land  and  seas  according  to  Pomerol 
(1975),  Van  Andel  et  ai  (1977)  and  the  authors 
own  work. 
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Fig.  12  Approximate  paleogeography  of  Upper 
Cretaceous.  Position  of  continents  and cfepth 
of  ocean  floor  as  in  fig.  10.  Extension  of 
emergent  land  and  seas  according  to  Pomerol 
(1975),  Van  Andel  et  al,  (1977)  and  the  authors 
own  work. 


ted  by  occurrences  of  red  beds  and  sometimes 
gypsum  on  lands  during  the  late  Jurassic-Lower 
Cretaceous  (Sahara,  Amazon  Basin,  Eastern  Andes). 
Thus  the  terrestrial  organic  and  mineral  input 
was  probably  very  low  and  marine  or  lacustrine 
plankton  was  the  main  source  of  organic  matter. 

The  climate  probably  changes  in  Cenomanian, 
when  a  large  transgression  by  shallow  sea  cor- 
nected  the  Tethys  with  the  South  Atlantic  (f:g. 

12)  and  changed  the  West  African  and  the  Hoggsr 
massives  into  islands  covered  with  trees  which 
are  now  fossilized  in  Upper  Cretaceous  sediments 
(Pomerol,  1975).  A  humid  climate  in  late  Cretaceous 
is  also  supported  by  Senonian  coals  in  Nigeria. 

c)  Land  physiography 

The  hydrographic  pattern  on  lands  surrounding 
the  North  Atlantic  Ocean  directed  an  important 
terrestrial  input  (organic  and  mineral)  towards 
most  of  the  ocean  :  western  basin,  northern 
embayment  and  northern  part  of  the  eastern  basin. 
This  feature  may  be  contrasted  with  the  reduced 
terrestrial  input  in  the  Cape  Verde  and  Demerara 
areas,  and  also  in  the  Angola  Basin  (fig.  11). 

This  contrast  is  possibly  due  to  submarine 
versus  subaerial  rifting.  Between  South  America 
and  Africa,  the  rifting  phase  may  have  created 
an  arch,  comparable  to  the  present  Sudan  -  S.W. 
Arabia,  resulting  in  a  much  reduced  area  of  drai¬ 
nage  towards  the  new  ocean.  The  major  hydrogra¬ 
phic  pattern  vas  probably  directly  towards  the 
other  side  of  the  continents,  e.g.  Amazon  river 
flowing  into  the  Pacific,  or  towards  continental 
lowlands,  marked  by  terrestrial  sediments  with 
gypsum  (Sahara).  With  reference  to  a  previous 
comparison,  this  type  of  drainage  and  sedimenta¬ 
tion  could  resemble  the  present  situation  in  the 
Balkach  and  other  lake  basins  of  Central  Asia. 

On  the  contrary,  submarine  rifting  between 
Europe  and  North  America  prevented  land  rising 
around  the  new  ocean  :  the  drainage  pattern  was 
not  affected,  allowing  transportation  of  an  -imp  nr  - 
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tant  terrestrial  organic  contribution.  Furthermore, 
Ryan  and  Cita  (1977)  emphasized  the  widespread 
outpouring  of  cl«3tic  wedges  in  North  America, 
Western  Europe  and  Morocco. 

6.  Conclusion 

1.  Geochemical  studies  of  the  black  and 
carbonaceous  shales  found  in  the  Cretaceous  of 
the  North  Atlantic  have  shown  that  different  types 
of  organic  matter  i:re  involved.  In  particular  the 
concepts  of  "black  shale"  and  "marine  organic 
natter  deposited  ir.  a  reducing  environment"  are 
not  necessarily  associated. 

2.  Three  main  typts  of  organic  matter  have 
been  distinguished  :  planktonic  (marine  or  la¬ 
custrine)  ;  terrestrial  moderately  degraded 
(higher  plants)  ;  residual,  which  comprise  contem¬ 
poraneous  oxidized  and  older  recycled  organic 
material . 

3.  Conditions  of  preservation  and  accumula¬ 
tion  may  be  different  according  t  the  type  of 
organic  matter.  Their  study  provides  information 
on  the  aquatic  environment  of  deposition  and  also 
on  the  surrounding  continents. 

4.  The  major  controls  or  organic  sedimen¬ 
tation  are  climate  and  oceanic  circulation.  Terres¬ 
trial  organic  maLter  is  mainly  influenced  by  cli¬ 
mate,  whereas  marine  organic  matter  is  mainly 
controlled  by  oceanic  circulation. 

5.  Lower  Cretaceous  and  the  older  part  of 
Upper  Cretaceous  appear  to  be  a  unique  episode 
in  the  history  of  the  Atlantic  for  preservation 
and  accumulation  of  the  planktonic  organic  matter 
to  an  unusual  extent.  The  high  organic  content, 
the  size  of  the  areas  concerned,  and  the  accumu¬ 
lation  under  deep  oceanic  conditions  are  the  main 
characteristics  of  this  event.  It  can  be  explained 
firstly  by  the  poor  connection  of  some  of  the  new 
basins  with  other  oceanic  masses  (Pacific,  Tethys, 
Southern  Ocean)  and  also  between  them.  Additional¬ 
ly,  the  land  physiography  and  an  arid  climate 
over  part  of  South  America  and  Africa  estricted 
the  terrestrial  input  in  this  area. 

6.  Once  deep  oceanic  connections  were  esta¬ 
blished  between  North  and  South  Atlantic  basins, 
and  also  with  other  oceans ,  tuese  conditions  no 
longer  existed.  Thus,  no  nassive  accumulation  of 
planktonic  organic  matter  has  been  reported  in  the 
Tertiary  beds.  The  only  exception  would  be  the 
early  Miocene  black  shales  found  in  the  Tarfaya 
Easin  off  Morocco  (site  397).  Their  organic  matter 
belongs  to  type  II  and  is  considered  to  be  marine 
and  deposited  in  a  reducing  environment.  However 
Deroo  et  ai  (D.S.D.P.  Initial  Report,  op.  cit.) 
suggested  that  the  Miocene  black  shales  may  be 
partly  composed  of  reworked  material  slumped  off 
the  edge  of  the  continental  shelf  during  Neogene 
time. 

7.  A  contrast  is  observed  at  certain  ages 
(fig.  9  and  10)  between  the  western  basin  (nor¬ 
mal)  and  the  eastern  basin  (with  an  extended 
anoxic  layer)  of  the  North  Atlantic.  It  is  sug¬ 
gested  that  the  mid-Atlantic  ridge  possibly 
acted  as  a  barrier  to  oceanic  circulation.  Con¬ 


sidering  the  high  rate  of  organic  preservation, 
the  top  of  the  anoxic  level  in  the  eastern  basin 
may  have  been  relatively  shallow  for  some  time. 
Thus  the  crest  of  the  ridge  might  have  been,  at 
certain  ages,  less  deep  than  generally  accepted. 
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Abstract .  Early  to  middle  Cretaceous  sediments 
rich  in  organic  carbon  have  been  recovered  at 
cany  North  Atlantic  and  South  Atlantic  DSDP 
sites.  Those  in  the  North  Atlantic  show  many  of 
the  consequences  of  that  basin  having  been  less 
restricted  with  a  relatively  more  vigorous  circu¬ 
lation  than  that  of  the  coeval  South  Atlantic. 

The  Angola-Bra2il  Basin  in  the  South  Atlantic 
was  tectonically  restricted  by  continental  land 
masses  to  the  north  and  the  Kalvis-SAo  Paulo 
Ridge  system  to  the  south  until  late  Albian  time. 
Evaporites  were  deposited  in  this  basin  until  the 
early- late  Aptian,  but  a  dense,  saline  water  mass 
probably  persisted  through  the  latest  Albian. 
Carbonaceous  mudstones  were  deposited  in  anoxic 
deep  water  masses  until  mid-Albian  time.  The 
deep  Cape-Argentine  Basin  was  stagnant  during 
most  of  Aptian  time  as  a  result  of  partial  res¬ 
triction  behind  the  Falkland  Plateau  and  over¬ 
flow  of  dense  brines  from  the  Angola-Brazil 
Basin.  Upon  further  opening  of  the  South  At¬ 
lantic,  the  Cape  Argentine  Basin  became  oxygen¬ 
ated  while  intermittent  salinity  stratification 
and  anoxic  episodes  continued  in  the  more  res¬ 
tricted  Angola- Brazil  Basin  from  late  Albian 
through  Coniacian  time. 

Sediment  of  virtually  all  paleodepths  in  the 
central  North  Atlantic  reflect  conditions  of 
intermittent  anoxia  and  generally  low  oxygen 
content  in  deep  water  masses  from  at  least  Hau- 
terivian  through  Cenomanian  time.  There  is  a 
high  proportion  of  terrigenous  organic  matter  in 
the  carbonaceous  sediment  during  Hauterivian 
through  early  Albian  time,  but  marine  organic 
natter  was  also  preserved  at  times,  especially 
after  the  middle  Albian.  Cenomanian  and  Turon- 
ian  mudstones  contain  exceptionally  high  amounts 
of  marine  organic  matter  in  the  eastern  central 
North  Atlantic,  probably  reflecting  conditions 
of  upwelling  and  high  surface  productivity  there. 
The  remainder  of  the  post-Cenomanian  central 
North  Atlantic  apparently  was  characterized  by 
well-oxygenated  deep  waters.  The  northern  North 
Atlantic  may  have  been  partially  restricted  be¬ 
hind  the  J -anomaly  rid^,'  and  the  southeast  New¬ 
foundland  Ridge  until  late  Albian  time, 
leading  to  mildly  stagnant  conditions  with  high 
rate  of  terrigenous  clastic  and  organic  input.' 


The  stratification  and  oxygen  contents  ef  the 
deep  waters  in  the  central  North  Atlantic  may 
have  been  influenced  by  intermittent  spillage  of 
waters  of  different  salinities  from  the  more 
restricted  high  latitude  northern  North  Atlantic 
and  the  saline,  restricted  Angola-Brazil  Basin, 
as  well  as  by  sinking  of  more  saline  shelf  waters 
from  evaporative  settings  such  as  broad  Bahamian 
platforms. 

Introduction 

The  recovery  of  lower  to  middle  Cretaceous 
"black  clay",  "black  shale"  or  "sapropel"  facies 
sediments  in  the  North  and  South  Atlantic  during 
a  number  of  Deep  Sea  Drilling  Project  legs  has 
greatly  altered  our  conception  of  the  early  evo¬ 
lution  of  ocean  basins,  paleocirculation ,  and 
the  relative  importance  of  influx  of  terrigenous 
matter  with  respect  to  marine  organic  matter  in 
the  generation  of  organic-carbon  rich  marine 
facies.  The  occurrence  of  these  deposits  over 
much  of  the  North  and  South  Atlantic  ocean 
basins  has  led  a  number  of  workers  to  speculate 
on  their  origin  and  possible  global  significance 
(e.g. ,  Schlanger  and  Jenkyns,  1976;  Ryan  and 
Cita,  1977;  Fischer  and  Arthur,  1977).  Other 
workers  have  leaned  more  heavily  on  hypotheses 
related  to  knowledge  of  local  occurrences  or 
have  attempted  to  synthesize  individual  basins 
(e.g.,  Lancelot,  et  al.,  1972;  Berger  and  von 
Rad,  1972;  Thiede  and  van  Andel,  1977;  McCoy  and 
Zimmerman,  1977;  Natland,  1978;  McCave,  in 
press;  Kendrick,  in  press;  Dean,  et  al.,  1978; 
Gardner,  et  al.,  1978;  Arthur,  in  press).  It  is 
clear,  however,  that  organic-carbon  rich  facies 
are  very  widely  distributed  from  roughly  Hautcr- 
ivisn  through  Cenomanian  and  locally  Turonian 
time  in  the  North  Atlantic,  and  Oxfordian 
through  Cenomanian  and  locally  even  Coniacian 
time  in  the  South  Atlantic,  regardless  of  their 
lithologic  attributes  or  origin. 

Our  purpose  in  presenting  results  from  both 
the  North  and  South  Atlantic  is  to  outline  a 
descriptive  model  for  the  deposition  of  carbona¬ 
ceous  marine  sediments.  This  involves  differen¬ 
tiating  between  the  earliest  occurrences  of  such 
sediments  in  narrow,  nascent  ocean  basins,  when 
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anoxic  conditions  are  persistent  and  oceanic 
circulation  can  be  much  restricted  as  in  the 
early  Cretaceous  South  Atlantic  (Fig.  1),  and 
deposition  of  such  sedinents  in  older,  wider, 
and  deeper  basins  with  less  restricted  circula¬ 
tion  but  periodic  density  stratification  as  in 
the  early  Cretaceous  central  North  Atlantic. 

Tne  latter  situation  results  in  rhythmic  inter¬ 
mittent  patterns  of  anoxia,  the  origin  of  which 
we  do  not  yet  understand  well.  The  earlier 
(South  Atlantic-type)  phases  of  carbonaceous 
sediment  deposition  associated  with  evanorite 
formation  could  well  apply  to  older  (Triassic- 
early  Jurassic),  as  yet  uncored,  continental 
margin  sediments  of  the  North  Atlantic.  These 
could  be  important  hydrocarbon  sources,  for  the 
South  Atlantic  sediments  we  shall  describe  have 
higher  average  organic  carbon  contents  than  most 
of  the  rhythmic  North  Atlantic  carbonaceous 
facies  recovered  so  far.  The  relative  impor¬ 
tance  of  rapid  burial  of  organic  carbon,  oxygen 
minima,  and  salinity  stratification  in  producing 
the  organic-carbon  rich  sediments  must  be  con¬ 
sidered. 

h'e  propose  that  young,  widening  ocean  basins 
can  progress  through  a  sequence  wherein  salinity- 
stratification  initially  is  most  important  (as 
outlined  recently  by  Kinsman,  1975)  allowing 
preservation  of  organic  carbon  in  sediments  re¬ 
gardless  of  its  rate  of  supply  from  rivers  or 
surface  productivity.  The  effects  of  salinity 
stratification  diminish  as  the  basin  widens  and 
barriers  to  effective  circulation  subside;  or¬ 
ganic  carbon  preservation  can  then  be  modal '  id 
by  other  factors  of  variable  local  or  regional 
extent. 

Especially  important  might  be  the  spillage  of 
waters  of  high  salinity  from  restricted  basins 
into  less  restricted  ones  causing  short  term 
stable  stratification  and  inducing  anoxia,  h'e 
suggest  this  as  the  cause  of  episodes  of  stag¬ 
nation  in  the  Aptian  Cape-Argentine  basin  and  in 
the  Aptian-AIbian  central  North  Atlantic;  dense 
saline  waters  from  the  highly  restricted  Angola 
basin  may  have  topped  the  basin  margins  and  sunk 
to  become  bottom  water  in  both  settings.  Saline 
waters  formed  in  evaporative  shelf  settings  also 
may  have  become  North  Atlantic  bottom  water. 
Partial  restriction  o"  the  northern  North  Atlan¬ 
tic  may  have  allowed  a  less  saline  low-density 
"lid"  to  form  over  most  of  that  basin.,  occa¬ 
sionally  spilling  into  the  central  Keith  Atlan¬ 
tic.  This  could  also  have  helped  to  establish 
stably  stratified  water  masses  in  the  central 
North  Atlantic. 

In  detail,  many  of  the  occurrences  of  organic- 
carbon  rich  facies  to  be  discussed  here  are 
neither  "black  shales"  (s.s.)  nor  wholly  com¬ 
posed  of  organic-carbon  rich  strata.  In  this 
paper,  the  term  "carbonaceous  mudstone"  will  be 
used  in  a  general  sense  to  refer  to  relatively 
organic-carbon  rich  dark  colored  (dark  gray, 
greenish  black,  and  black)  mudstone  and  mari- 
stone  which  may  or  may  not  be  "shale"  in  the 
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classical  sense.  These  sediments  are  typified 
by  above-average  contents  of  organic  carbon 
(>0.S%  Corg)  when  compared  with  marine  sediments 
of  all  ages  (Mclver,  1975).  he  shall  also  use 
the  informal  terns  early  and  middle  Cretaceous 
to  refer  to  the  periods  Valanginian  through 
Albian,  and  Cenonanian-Turonian  respectively. 

Regional  Setting  of  South  Atlantic 
DSDP  Sites  During  the  Cretaceous 

Organic-carbc  .  rich  Mesozoic  sedinents  have 
been  recovered  at  six  sites  in  the  South  Atlan¬ 
tic.  When  carbonaceous  sediments  were  deposited 
during  the  early  Cretaceous,  the  locations  of  thc- 
sites  spanned  over  20°  of  latitude,  and  the  sedi¬ 
ments  were  deposited  in  a  reich  narrower,  more 
recently  opened  ocean  basin  than  contemporaneous 
sediments  in  the  North  Atlantic  (Fig.  1).  The 
age  distribution  cf  organic-carbon  rich  facies  in 
the  South  Atlantic  sites  is  listed  on  Table  1  and 
a  summary  of  their  organic  carbon  content  and 
composition  on  Tables  1  and  2. 

At  the  north  end  of  the  South  Atlantic,  the 
bulge  of  West  Africa  and  what  is  now  the  Amazon 
coast  of  Brazil  prevented  major  exchange  between 
the  North  and  South  Atlantic  until  probably  late 
Albian  tine  (Francheteau  and  LePichon,  1972; 
Kennedy  and  Ccoper,  1975;  Potters,  1978;  Forster, 
1978;  Evans,  1978).  Only  cold-water  planktonic 
and  benthic  foraninifers  reached  even  tropical 
South  Atlantic  waters  until  that  tine  and  these 
cane  in  from  the  south  (Premo’i -Silva  and 
Boersma,  1977;  Caron,  1978;  Scheibnerova,  1978; 
Beckmann,  1978).  The  climate  at  the  northern  end 
of  the  South  Atlantic  was  harsh  and  arid  as  indi¬ 
cated  by  a  low  diversity  of  palynomorphs  in  the 
carbonaceous  sediments  of  Site  564  (Morgan,  1978) 
and  by  the  presence  of  evaporites  in  the  marginal 
coastal  basins  (e.g.,  Evans,  1978).  The  Angola 
and  Brazil  salt  deposits  are  known  to  be  Aptian 
in  age  from  continental  occurrences  (Asmus  and 
Ponte,  1975;  Brink,  1974). 

At  the  southern  end  of  the  South  Atlantic  (Fig. 
1),  the  Falkland  Plateau  was  moving  past  the 
southern  tip  of  the  landmass  of  Africa  along  the 
Agulhas  Fracture  Zone  (Dingle  and  Scrutton, 

1974).  Sites  527  and  330  were  located  close  to¬ 
gether  on  the  Falkland  Plateau.  Site  327  bot¬ 
tomed  in  Aptian  carbonaceous  sediments,  but 
Jurassic  carbonaceous  sediments  at  Site  530  over- 
lie  terrestrial  fluvial  sediments  and  a  Paleozoic 
granitic-gneissic  basement  (Barker,  Dalziel,  et 
al.,  1977;  Beckinsdale,  ut  al.  1977;  Tarney, 
1977).  Passages  for  sea  water  between  the  Ant- 
arctic-Indian  Ocean  and  the  South  Atlantic  thus 
had  to  pass  over  a  shallow  sill  until  at  least 
Albian  time. 

The  South  Atlantic  was  divided  into  the  Cape- 
Argentine,  and  the  Angol3-Brazil  Basins  by  the 
h'alvis-Sao  Paulo  Ridge  complex  (Fig.  1).  Site 
363,  on  Nalvis  Ridge,  verified  that  during  the 
Aptian  the  ridge  was  a  highstanding  feature, 
perhaps  with  islands  (Solli,  Ryan,  et  al.,  1978). 
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Fig.  1.  Index  Bap  of  paleogeography  around  North  and  South  Atlantic  Oceans  at  about  95  HA,  codified 
after  Sclater  et  al.,  1977.  This  shovs  major  physiographic  features  and  location  of  DSDP  sites 
discussed  in  text.  Note  location  of  major  evaporite  provinces  of  early  to  middle  Cretaceous  age. 
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TABLE  1.  Organic  Carbon  Content  and  Compositions:  In  The  South  Atlantic 
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TABLE  2.  Average  Organic  Carbon  in  South  Atlantic  Facies 
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Shallow  water  algal  limestones,  calcarenites  pro¬ 
duced  in  a  high-energy  near-shore  environment, 
shallow-water  benthic  forami  >ifers,  and  phosphor¬ 
ite  were  recovered  in  the  deepest  cores  of  the 
site.  Site  356,  on  the  S3o  Paulo  Ridg. ,  is  lo¬ 
cated  just  south  of  the  diapir  margin  of  the 
Brasil  salt  plateau  (Supko,  Perch-Nielsen,  et 
al.,  1977).  The  ridge,  which  bounds  the  salt 
plateau,  has  a  south- facing  scarp  (Gamboa  and 
Kumar,  1977)  whereas  north  of  Site  363,  Kalvis 
Ridge  has  a  north-facing  scarp  (Barnaby,  1974). 
These  could  represent  the  trace  of  the  fracture 
zone  that  separated  the  Kalvis  and  SAo  Paulo 
Ridges,  (Bolli,  Ryan,  et  al.,  1978,  p.  232).  A 
reconstruction  of  the  position  of  the  Brazil  and 
Angola  salt  plateaus  in  Albian  time  (Bolli, 

Ryan,  et  al.,  1978,  Chapter  3,  Fig.  36,  based  on 
a  figure  in  Leyden,  et  al.,  1976;  see  also  Fig. 

1)  shows  that  Site  356  and  s  lobe  of  the  Brazil 
salt  plateau,  as  well  as  the  Sao  Paulo  Ridge,  lay 
between  Site  363  and  the  Angola  salt  plateau  at 
that  time. 

Two  sites,  361  in  the  Cape  Basin  and  364  on  the 
Angola  margin  salt  plateau,  provide  the  most  sig¬ 
nificant  evidence  for  restricted  circulation  in 
these  basins  in  Aptian  and  Albian  times.  In 
each,  hundreds  of  meters  of  organic- carbon  rich 
sediments  were  penetrated. 

Site  361  is  located  on  magnetic  anomaly  M-4 
(estimated  Barremian  age)  of  the  Cape  sequence 
(Larson  and  Ladd,  1973).  Over  300  meters  of 
lower  Albian  and  Aptian  carbonaceous  and  inter- 
bedded  turbiditic  sandstones  were  penetrated  at 
this  site..  Lowermost  Aptian  carbonaceous  sedi¬ 
ments  recovexed  in  the  deepest  core  here  are  es¬ 
timated  to  be  within  only  tens  of  meters  of 
basement,  considered  to  be  oceanic  crust  (Bolli, 
Ryan,  et  al.,  1978,  p.  68).  At  the  time  of 
deposition  of  these  sediments  (about  anomaly  M-l 
time) ,  the  crest  of  the  Mid-Atlantic  Ridge  was 
about  120  km  to  the  southwest,  paralleling  frac¬ 
ture  zones  (Bolli,  Ryan,  et  al.,  1978,  chapter 
2,  Fig.  5).  The  sediments  were  thus  deposited 
in  the  deepest  part  of  the  Cape  Basin,  between 
the  elevated  ridge  crest  to  the  west,  and  the 
continental  margin  sediment  prism  rising  gently 
to  the  east.  In  the  Aptian,  Site  361  was  north¬ 
west  of  Sites  327  and  330  which  were  on  the  much 
shallower  Falkland  Plateau  (Fig.  1). 

Site  364  is  located  in  the  Angola  Basin  above 
the  marginal  salt  plateau,  which  is  about  2  km 
thick  and  underlain  by  highly  magnetized  pre¬ 
sumed  oceanic  crust  (Emery  et  al.,  1975).  High 
pore-water  salinities  (up  to  74  °/oo)  in  the 
lowest  cores  of  Site  364  (Sotelo  and  Gieskes, 
1978)  and  nearly  complete  penetration  of  the 
acoustic  unit  above  the  principal  salt  reflector 
(Bolli,  Ryan,  et  al.,  1978,  p.  382)  verified  the 
proximity  of  the  salt  body.  Carbonaceous  mud¬ 
stone  deposition  was  most  pronounced  in  the  late 
Aptian  and  early  Albian,  and  was  intermittent 
from  late  Albian  to  Turonian  times  (Bolli,  Ryan, 
et  al.,  1978). 

The  South  Atlantic  was  thus  a  unique  pair  of 


narrow,  linked,  and  highly  restricted  ocean 
basins,  constricted  at  the  middle  by  the  h'alvis- 
S5o  Paulo  Ridge  complex,  and  supplied  sea  water 
across  a  high  sill  from  only  the  southern  end. 
Though  few  in  number,  the  sites  reaching  Meso¬ 
zoic  carbonaceous  sediments  in  the  South 
Atlantic  are  in  critical  locations  for  evalu¬ 
ating  its  oceanographic  history.  The  cores  from 
the  sites  contain  evidence  for  the  gradual  ven¬ 
tilation  of  the  South  Atlantic.  Consistent  with 
the  initial  supply  of  sea  water  only  from  the 
south,  the  degree  of  circulation  in  the  Cape 
Basin  kept  one  step  ahead  of  that  in  the  Angola 
Basin  as  the  South  Atlantic  widened  (Bolli,  Ryan 
et  al.,  1978).  When  the  Cape  Basin  was  anoxic', 
the  Angola  Basin  was  evaporitic  (Fig.  2A).  When 
anoxic  conditions  ceased  in  the  Cape  Basin,  the 
Angola  Basin,  too,  was  less  restricted  and  be¬ 
come  anoxic  without  accompanying  evaporite  depo¬ 
sition  (Fig.  23).  Finally,  it,  too,  achieved 
sufficient  circulation  to  become  oxygenated  for 
good  in  the  Late  Cretaceous  when  surface  and 
deep  water  connections  were  made  from  both  north 
and  south  (Fig.  2C) .  Throughout  this  time, 
circulation  developed  in  response  to  climatic¬ 
ally  induced  sinking  of  dense  saline  waters 
formed  primarily  in  the  low-latitude,  nearly 
land-locked,  arid  Angola-Brazil  Basin  (Natland, 
1978).  Anoxia  was  the  result  of  stable  salinity 
stratification  in  which  dense,  saline  waters 
were  trapped  behind  high  sills,  first  in  both 
basins,  then  only  in  the  Angola-Brazil  Basin 
(Fig.  2).  Sediments  deposited  in  the  basins  at 
these  times  are  distinctive  because  they  have 
the  imprint  of  both  anoxia  and  elevated  salinity. 
Such  sediments  have  not  been  recovered  from  the 
North  Atlantic,  and  because  their  characteris¬ 
tics  are  not  widely  known,  we  have  here  inte¬ 
grated  organic  carbon  and  lithologic  data  for 
them  in  some  detail. 

Organic  Carbon  in  South  Atlantic 

Cretaceous  Carbonaceous  Sediments 

There  is  far  more  organic  carbon  (Corg)  data 
through  thicker  sequences  of  sediments  at  Sites 
361  (Cape  Basin)  and  364  (Angola  Basin)  than  for 
the  other  South  Atlantic  sites.  These  have  been 
used  to  determine  accumulation  rates  of  organic 
carbon  in  each  basin  (Figs.  3  and  4;  Table  2). 

The  average  Corg  for  the  section  at  Site  361 
weighted  to  lithology  (3.1%)  is  very  close  to 
that  calculated  for  the  much  more  uniformly 
deposited  largely  synchronous  carbonaceous  mud¬ 
stones  of  Site  330  (3.3%).  Figure  4  shows  that 
there  were  two  distinctly  different  periods  of 
organic  carbon  preservation  at  Site  364 
separated  by  an  interval  of  non-preservation  of 
Corg-  In  the  lower  and  middle  Albian,  Corg  *s 
high  in  all  lithologies  whereas  in  the  later 
Cretaceous  it  was  preserved  only  in  the  carbona¬ 
ceous  mudstones.  Hence,  though  individual  Corg 
values  are  as  high  in  the  later  period  as  in  tne 
earlier,  the  accumulation  rate  weighted  to  lithc- 
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Aptian,  (B)  Albian,  and  (C)  Turonian  time,  after  Natland  (1978). 


logies  is  much  lower.  In  the  lower-middle  Albian 
sediments,  the  average  Corg  weighted  to  litholo¬ 
gies  is  S.97  ±1.5%,  higher  than  all  but  27  of 
C0rg  measurements  in  the  North  Atlantic,  and  much 
higher  than  averages  by  stage  for  the  North  At¬ 
lantic  shown  in  Table  3. 

Preserved  marine  organic  matter  is  the  most 
positive  indication  that  conditions  in  the  water 
column  rather  than  high  terrigenous  influx  alone 
contributed  to  the  high  organic  carbon  in  sedi¬ 
ments.  Marine  organic  carbon  can  be  detected 
using  carbon  isotope  data  (Table  1) ,  and  condi¬ 
tions  of  deposition  (marine  versus  terrigenous) . 
For  sites  where  carbon  isotope  data  exists,  6*3C 


(PDB)  values  in  the  lower  to  middle  -20’ s,  indi¬ 
cate  a  significant  marine  component,  whereas 
values  from  -28  to  -30  imply  a  major  terrigenous 
source  (Degens,  1969).  At  Site  364,  much  of  the 
Corg  is  terrestrial,  but  the  proportion  of  marine 
Corg  appears  to  increase  with  depth,  inasmuch  as 
54-">c  (PDB)  in  general  decreases  from  -28.2  to 
-24.9  downhole  in  the  lower  to  middle  Albian 
(Foresman,  1978).  Simoneit  (1978)  also  reports 
that  lipids  from  one  lower  Albian  sample  were 
derived  from  both  marine  and  terrigenous  sources 
based  on  alkane  distribution. 

Lithologic  indicators  that  much  organic  carbon 
was  deposited  as  a  pelagic  component  are  present 
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Fig.  4.  South  Atlantic  Site  364:  lithologic  summary,  age,  percent  Corg,  and  frequency  of  car¬ 
bonate  cycles  versus  depth  (lower  Albian  through  Campanian).  Average  Corg  per  core  shown  by  solid 
lines,  accumulation  rate  of  Corg  per  core  by  dashed  line,  computed  from  bulk  sediment  accumu¬ 
lation  rate  curve  (Bolli,  Ryan  et  al.,  1978,  p.  381).  Corg  symbols  are  *,  carbonaceous  mud¬ 
stone;  o,  chalk  and  limestone;  x,  marly  limestone,  8,  dolomitic  limestone  and  dolomite. 
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TABLE  3.  Organic  Carbon  North  Atlantic5 


Average 

Cretaceous 

Number 

Organic 

Stage 

Measurements2 

Carbon 

Maestrichtian 

35 

0.08 

9 

0.62 

Campanian 

12 

0.04 

- 

- 

u  u 

Santonian 

- 

- 

*->  6 

3 

3.7 

Coniacian 

1 

0.10 

4 

0.25 

•H  CS 

c  e 

Turonian 

1 

0.70 

«  •  r-4 

CO  B 

3 

6.4 

u  o 

C  TJ 

Cenomanian 

45 

1.0 

O 

24 

1.0 

Albian 

82 

0.82 

14 

0.57 

Antian 

43 

0.92 

„ 

7 

1.4 

O  X 

Barremian 

4 

0.30 

*-»  O 

22 

0.98 

e  «  o 

C  SO 

Hauterivian 

22 

0.77 

O  ’fi 

—4  E  u 

17 

0.72 

£  b  u 
«  o 

Valanginian 

12 

0.24 

MOP 
^  U 

33 

0.5S 

o  c. 

Berriasian 

6 

0.10 

3upper  Cretaceous  48 

0.50 

lower  Cretaceous  60 

1.23 

JData  from  DSDP  Legs  1,  11,  12,  14,  41,  43,  44, 
47,  48;  LECO  determinations  by  DSDP  Sediment  Lab 
courtesy  of  DSDP  computer  group. 

2Note:  there  nay  be  an  over-representation  of 
organic  carbon  rich  layers  which  are  more  likely 
to  be  sampled.  Also,  values  noted  between 
stages  are  those  which  fall  either  into  the 
latter  part  of  the  stage  below  or  the  early  part 
of  the  stage  above  (e.g. ,  late  Albian-early 
Cenomanian) . 

3Average  of  samples  which  could  only  be  assigned 
to  either  lower  or  upper  Cretaceous. 

at  all  sites  in  the  South  Atlantic.  At  Sites 
327  and  330,  where  there  is  no  carbon  isotope 
data,  Corg  was  deposited  very  uniformly  in  mud¬ 
stones  interbedded  with  minor  limestones  Cone 
sideritic).  The  limestones  inrply  deposition  in 
a  marine  environment  (Barker,  Dalziel,  et  al., 
1977).  Limestones  are  also  interbedded  with 
carbonaceous  mudstones  at  Sites  3S6  (Supko, 
Perch-Nielsen,  et  al.,  1977).  Similarly  at 
Site  364,  even  though  carbon  isotopes  indicate 
that  much  of  the  organic  carbon  is  terrigenous, 
especially  higher  in  the  section,  the  site  was 
far  off  shore,  and  the  carbonaceous  sediments 
are  interbedded  with  tranquilly  deposited  chalks 
and  limestones.  Morgan  (1978)  concluded  that 
Cretaceous  palynomorphs  at  Site  362  were 
wind-borne  for  these  reasons.  Thus,  even  though 
the  terrestrial  organic  carbon  component  is 


high,  it  was  not  the  result  of  rapid  deposition 
and  burial. 

At  Site  361,  most  of  the  carbonaceous  mudstones 
and  sandstones  are  parts  of  graded  turbidite  seq¬ 
uences,  and  much  of  the  C0j.g  had  a  terrigenous 
source  since  coarse  coalified  wood  fragments  (up 
to  8  cm  long)  and  plant  debris  are  abundant 
(Bolli,  Ryan,  et  al.,  1978).  The  sandy  mudstones 
in  fact  include  soft  lithic  grains  of  carbona¬ 
ceous  mudstone  ripped  from  previous  sites  of 
deposition  and  incorporated  into  debris  flows  or 
turbidites  (Nat land,  1978;  Kagarai,  1978).  The 
matrix  of  sandy  mudstones  largely  consists  of 
carbon-rich  argillaceous  material  compressed  be¬ 
tween  sand  grains.  Many  carbonaceous  mudstones, 
however,  were  deposited  tranquilly  and  are  not 
part  of  turbidite  sequences.  These  are  finely 
laminated,  and  some  contain  literally  hundreds 
of  millimeter-thin  nannofossil  layers,  some  mono- 
specific,  others  containing  plates  of  individual 
coccospheres  in  small  heaps  around  their  site  of 
deposition  (Noel  and  Melguen,  1978).  Even  in 
carbonate- free  laminated  mudstones,  scanning 
electron  microscope  observations  reveal  impres¬ 
sions  of  coccoliths,  with  all  calcium  carbonate 
removed  diagenetically  (Noel  and  Melguen,  1978). 
These  authors  concluded  that  when  these  sediments 
were  deposited,  most  of  the  water  column  was  both 
anoxic  and  limpid.  In  the  entire  sequence  at 
Site  361,  there  are  no  bioturbated  intervals. 

The  anoxic  water  mass  persisted  without  signifi¬ 
cant  turnover  for  at  least  eight  million  years. 

Sedimentary  Indicators  of  Anoxic 
and  Hypersaline  Water  Masses 

Several  lines  of  evidence  suggest  that  deep 
water  masses  in  the  Angola  and  Cape  basins  were 
hypersaline  in  addition  to  being  anoxic  during 
Aptian  and  most  of  Albian  times.  Tnese  are 
carbonate-mudstone  rhythms,  dolomite  chemistry, 
and  zeolite  mineralogy.  All  three  pertain  to 
Site  364,  but  only  arguments  concerning  zeolite 
mineralogy  apply  to  Site  361. 

Sediments  from  Site  364  exhibit  a  marked 
rhythmic  variation  between  mudstones  (carbona¬ 
ceous  or  otherwise)  and  chalks  or  limestones 
(some  marly)  similar  to  that  occurring  in  many 
North  Atlantic  sites  discussed  below.  Data  on 
these  rhythms  are  plotted  versus  depth  (Fig.  4). 
The  number  of  rhythms  per  meter  shows  no  rela¬ 
tionship  to  the  occurrence  of  carbonaceous  mud¬ 
stone  layers,  but  the  frequency  of  rhythms  per 
million  years  is  about  a  factor  of  two  higher  in 
the  lower-middle  Albian  sequence  than  in  the 
upper  Cretaceous.  At  one  rhythm  every  7-12,000 
years,  this  is  a  frequency  five  times  greater 
than  typical  rates  in  the  North  Atlantic.  Anoxic 
conditions  seem  to  have  been  superposed  on  an 
already  established  rhythmic  pattern,  one  that 
persisted  in  the  interim  between  anoxic  intervals 
as  well.  In  the  upper  Cretaceous  sediments,  most 
of  the  rhythms  consist  of  interbedded  chalks  or 
limestones  (some  marly)  and  oxidized  (red)  mud- 
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stones.  Only  individual  cores  or  portions  of 
cores  contain  carbonaceous  mudstone  (black)- 
carbonate  rhythms.  These  are  more  typically  in- 
terbedded  with  pale  gray  green  carbonates,  where¬ 
as  carbonates  interbedded  with  reddish  brown 
mudstones  are  generally  tan  or  pale  brown. 
Therefore,  the  carbonates  associated  with  carbon- 
rich  sediments,  though  bioturbated  and  thus  not 
deposited  in  anoxic  waters,  nevertheless  also 
appear  to  have  had  a  more  limited  supply  of  oxy¬ 
gen  than  those  associated  with  redder  mudstones. 

Downhole  in  Site  364,  evidence  for  even 
scattered  cycles  of  modest  bottom-water  oxygen 
levels  disappears.  Many  rhythmic  intervals  of 
lower  to  middle  Albian  age  have  no  bioturbation 
(Fig.  4)  nnd  consist  of  finely  laminated  mud¬ 
stone  and  c  rbonate  (Fig. 5).  The  high  Cor2  in 


the  marly  carbonate  portion  of  the  rhythm  lies 
in  the  high  C0yg  of  dark  laminae  between  carbon¬ 
ate  laminae.  Thus  here,  3S  in  the  upper  Albiar.- 
Cenomanian,  there  is  no  relation  between  rhyth- 
micitj  and  preservation  of  organic  carbon. 

The  origin  of  carbonate  in  the  lower  and 
middle  Albian  of  Site  364  is  enigmatic.  Most  of 
it  is  now  dolomite  (Fig.  4),  and  devoid  of 
planktonic  or  benthonic  calcareous  microfossils 
(Beckmann,  197S;  Bolli,  1978).  The  composition 
of  the  mineral  dolomite  changes  from  iron-rich 
to  sodium  rich  with  depth  in  the  site  (Matsumoto, 
et  al.,  1973),  apparently  reflecting  simple 
anoxia  (in  which  Fe-+  was  not  oxidized  and  thus 
was  available  to  enter  the  carbonate  lattice)  in 
the  younger  sediments,  and  anoxia  plus  hypersai- 
inity  in  the  sediments  deposited  just  after 
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Fig.  5.  Examples  of  early  to  middle  Cretaceous  oxidation-reduction  rhythms  in  multicolored 
clays  from  the  South  Atlantic,  North  Atlantic,  arid  Gubbio,  Italy. 
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cessation  of  evaporitic  conditions.  Since  ranch 
of  the  dolomitized  carbonate  was  deposited  as 
fine,  almost  varve-like  laminae,  its  preserva¬ 
tion  is  puzzling  given  the  extensive  evidence 
for  diagenetic  dissolution  and  reprccipitation 
of  carbonate  laminae  at  Site  361  already 
tioned.  Dissolution  there  resulted  fro*  .ne 
effects  of  acids  produced  during  breakdown  of 
organic  matter  and  ir.  the  formation  of  sulfides, 
(Nbel  and  Melguen,  1978),  and  from  the  necessity 
to  maintain  pore-water  alkalinity  during  diagen¬ 
etic  formation  of  clay  minerals  and  zeolites 
(Natland,  1978).  Since  these  effects  probably 
also  acted  at  Site  364,  it  is  not  clear  how  such 
delicate  carbonate  laminae  were  preserved  in 
sediments  containing  so  much  organic  carbon. 
Natland  (1978)  proposed  th2t  the  carbonates  in 
this  interval  were  primarily  chemical  precipi¬ 
tates,  analogous  to  Friedman's  (1972)  Red  Sea 
"deep  water"  evaporite  facies.  In  the  Red  Sea 
gypsum  reaching  the  sea  floor  on  the  continental 
shelves  can  be  bacterial ly  converted  to  nearly 
pure  calcium  carbonate.  The  carbonates  at  Site 
364  have  been  largely  dolomitized,  but  such  a 
mechanism  would  explain  both  tthe  preservation  of 
fine  carbonate  laminae  and  the  absence  of  micro¬ 
fossils.  The  high  carbonate/mudstone  rhythm 
frequency  and  the  abrupt  drop  ir.  rhythm  freq¬ 
uency  in  the  middle  Albian  could  be  related  to 
the  chemical,  rather  than  biological,  origin  of 
the  carbonate.  Site  364  sediments  thus  show 
evidence  for  restricted  environment  of  deposi¬ 
tion  during  the  early  and  middle  Albian  which 
became  progressively  better  ventilated  and  less 
saline  through  late  Albian  time.  The  lower  car¬ 
bonaceous  mudstone  sequence  in  particular  is 
best  described  as  transitional  to  an  evaporite 
facies. 

The  distribution  of  dolomites  at  Sites  3S6, 

363,  and  364  suggests  that  anoxic  and/or  hyper¬ 
saline  waters  swept  across  the  Walvis-Sao  Paulo 
Ridge  complex  during  Albian  to  perhaps  Cenoman¬ 
ian  time.  The  proportion  of  dolomite  increases 
in  the  lower  (Albian)  cores  of  both  Sites  356 
and  363,  and  at  Site  363  the  mineral  dolomite  is 
poorly  ordered  and  iron-rich,  approaching  calcian 
ankerite  in  composition,  similar  to  the  iron- 
rich  dolomite  of  Site  364  (Matsumoto  et  al., 
1978).  This  dolomite  is  in  part  associated  with 
the  only  small  beds  of  latest  Albian  moderately 
carbonaceous  mudstone  recovered  at  Site  363  (all 
in  a  single  core).  This  is  also  the  time  of 
greatest  evidence  for  currents  at  Site  363  where 
the  section  is  considerably  shortened  by  ero¬ 
sion.  The  sediment  mineralogy  and  lithology  is 
most  simply  explained  by  passage  of  anoxic  and 
perhaps  hypersaline  waters  over  Walvis-Sao  Paulo 
Ridge  from  the  Angola/Brazil  to  the  Cape/Argen¬ 
tine  Basin  (Fig.  2).  At  Site  356,  the  succes¬ 
sion  from  dolomitic  limestones  to  carbonaceous 
mudstones  has  been  compared  to  similar  sequences 
in  the  Red  Sea  where  anoxic  episodes  are  related 
to  salinity  stratification  similar  to  that  pro¬ 
posed  here  (Supko  and  Perch-Nielsen,  1977). 


The  silicate  authigenic  mineral  assemblage  at 
Sites  361,  364  and  possibly  363  also  suggests 
conditions  of  heightened  salinity  in  bottom 
waters  in  Aptian  into  Albian  times.  X-ray  dif¬ 
fraction  studies  show  that  phillipsite,  kaolin- 
ite  and  "illite"  (hydromica)  occur  in  the  car¬ 
bonaceous  sediments  of  Sites  361  and  364,  and  in 
the  marly  dolomitic  limestones  of  Site  363 
(Siesser  and  Bremner,  1978;  Matsumoto,  et  al., 
1978).  The  presence  of  phillipsite,  rather  than 
clinoptilolite,  was  a  surprise  since  there  is 
little  or  no  associated  montmoril Ionite  or 
mixed-layer  clay,  and  since  phillipsite  normally 
requires  a  basaltic  precursor  (Stonecipher, 
1976).  Natland  (1978)  showed  that  the  sand¬ 
stones  and  mudstones  of  Site  361  have  an  almost 
entirely  granitic  provenance,  and  presented 
scanning  electron  photomicrographs  revealing  ex¬ 
tensive  dissolution  of  quartz  and  feldspar 
grains  to  form  the  authigenic  mineral  assemblage 
kaolinite  (present  both  as  dickite  and  halloy- 
site) ,  "illite",  and  phillipsite.  Hess  (1966) 
demonstrated  that  phillipsite  could  be  stable  in 
association  with  kaolinite  and  "illite"  at  ele¬ 
vated  salinities,  consistent  with  the  presence 
of  phillipsite  and  these  clay  minerals  in  sili¬ 
ceous  tuffs  in  saline  lakes  (Hay,  1966).  On 
this  basis,  Natland  (1978)  ascribed  the  authi¬ 
genic  clays  and  phillipsite  at  Sites  361  and  364 
to  heightened  bottom  water  salinity  during  and 
after  deposition.  A  similar  inference  for  Site 
363  is  a  little  less  certain  because  some  mont- 
morillonite  and  clinoptilolite  occur  in  the 
phillipsite-bearing  sediments.  But  Stonecipher 
(1976)  has  shown  that  phillipsite  formed  under 
normal  marine  conditions  with  a  basaltic  precur¬ 
sor  has  not  persisted  at  all  in  any  sediments 
older  than  Eocene  age  or  buried  more  deeply  than 
600  meters  recovered  by  the  Deep  Sea  Drilling 
Project.  Heightened  salinity  is  thus  also  the 
probable  cause  for  the  preservation  of  phillip¬ 
site  in  Aptian  and  Albian  sediments  at  Site  363. 

Age-Depth  Relationships  and  the  Linkage 
of  Oceanographic  Events  in  the 
Cretaceous  South  Atlantic 

Figure  6  summarizes  age-depth  relationships  in 
the  Souti.  Atlantic  based  on  subsidence  curves 
determined  by  Thiede  and  van  Andel  (1977)  and 
Melguen  (1978).  Since  these  two  papers  disagree 
in  important  ways  on  the  subsidence  history  of 
Sites  361  and  364,  the  alternatives  we  most 
favor  are  indicated  by  solid  lines,  others  by 
dashed  lines  on  Figure  6.  Melguen  (1978),  for 
example,  back-tracked  Site  361  from  its  present 
depth,  giving  an  unusually  shallow  initial  depth 
for  a  site  on  oceanic  crust.  We  favor  3n  ini¬ 
tial  dept-  nearer  that  typical  of  oceanic 
spreading  centers  and  the  present  South  Atlantic 
Mid-Atlantic  Ridge  (2700  meters),  in  agreement 
with  Thiede  and  van  Andel  (1977).  We  suggest 
Paleogene  uplift  of  the  southwest  African  con¬ 
tinental  margin  (Dingle  and  Scrutton,  1974; 
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Fig.  6.  Age-depth  relation  for  South  Atlantic 
DSDP  sites  reaching  sediment  of  Cretaceous  age. 
Modified  after  Thiede  and  van  Andel  (1977)  and 
Melguen  (1978).  Alternative  age-depth  relations 
suggested  by  these  authors  shown  by  dashed  lines. 
Intervals  of  anoxia  snown  on  favored  curves 
(solid  lines). 

Bolli,  Ryan,  et  al.,  1972,  p.  69)  to  explain  the 
present  unusually  shallow  depth  of  Site  361. 
Thiede  and  van  Andel  (1977)  and  van  Andel,  et 
al.  (1977),  on  the  other  hand,  presumed  an  ini¬ 
tial  near  ridge-crest  depth  for  Site  364  and 
proposed  that  halokinetic  flow  uplifted  the 
Angola  marginal  plateau  either  in  the  Late  Cre¬ 
taceous  (between  the  two  major  intervals  of 
anoxia) ,  or  perhaps  in  the  Tertiary  (both  alter¬ 
natives  are  shown  on  Fig.  6).  But  at  Site  364, 
benthic  foraninifers  of  Turonian  to  Maestrich- 
tian  age  appear  to  have  ranged  between  shelf 
depths  and  the  deeper  parts  of  the  continental 
slope  (200-2000  meters;  Beckman,  1978).  Deeper 
in  the  hole,  Albian  ammonites  suggest  inner 


"heir  to  epicontinental  environments  tMatsursoto. 
.57S).  These,  and  lithologic  evidence  that  the 
lower  carbonaceous  facies  is  transitional  to  an 
evap-.  te  facies,  imply  that  the  site  was  quite 
shallow  at  times  much  earlier  than  that  sug¬ 
gested  by  van  Andel,  et  al.  (19~'l. 

The  age-depth  relationship  for  Site  330,  on 
continental  crust  on  the  Falkland  Plateau,  is 
derived  simply  from  knowledge  of  its  present 
depth,  and  from  the  fact  that  it  was  subaerial 
in  Jurassic  times  (Barker,  Dalciel,  et  al., 
19'.."}.  An  oceanic  subsidence  curve  has  been 
applied  in  view  of  the  lack  of  knowledge  of  the 
subsidence  behavior  of  continental  crust.  Since 
we  are  here  interested  only  in  the  general  rela¬ 
tionship  of  this  site  to  Site  361.  this  is  prob¬ 
ably  an  adequate  assumption. 

All  other  sites  are  on  oceanic  crust,  or  aseis 
mic  ridges  which  follow  oceanic  subsidence  paths 
(Detrick,  et  al.,  1977).  But  they  also  are  near 
continental  margins,  hence  their  early  subsi¬ 
dence  may  have  been  accelerated  by  the  landward 
piling  up  of  salt  (Site  364)  or  thick  sediment 
prisms  (Watts  and  Ryan,  1977).  We  are  fortunate 
to  have  lithologic  evidence  for  early  shallow 
water  histories  of  Sites  330,  363,  and  364  to 
verify  or  to  anchor  the  shallow  ends  of  their 
subsidence  curves. 

On  all  curves  on  Figure  6.  we  have  indicated 
when  anoxia  occurred,  and  the  extent  of  hiatuses 
(based  on  nannofossil  stratigraphy  and  the 
tonal-age  scheme  used  in  Bolli,  Ryan,  et  al., 
1978).  Important  aspects  of  the  history  of  an¬ 
oxia  in  the  South  Atlantic  are  apparent  from 
this  diagram.  For  example.  Sites  350  and  361, 
though  only  a  short  distance  apart  in  the  Aptian 
(Fig.  1),  spanned  a  water  depth  of  over  2000 
’•s  from  the  top  of  the  Falkland  Plateau  to 
the  deepest  part  of  the  Cape  Basin. 

\  .tlation  of  this  basin  was  abrupt,  inasmuch 
as  the  topmost  carbonaceous  sediments  occur  in 
the  same  nannofossil  cone  {?:'!‘:isbdolizhus 
angusius)  at  both  sites.  There  can  be  little 
doubt  that  the  Falkland  Plateau  dammed  a  basin¬ 
filling  anoxic  water  mass  which  produced  the 
high  organic-carbon  content  of  Aptian  sediments 
at  both  sites  (Fig.  2). 

The  northern  South  Atlantic  sites,  although 
all  shallow  in  the  Early  Cretaceous,  have  over¬ 
lapping  periods  of  anoxia  consistent  with  their 
cl  >se  geographic  proximity  at  the  time,  and  with 
•*  e  presence  of  a  dense  saline  mass  of  water 
trapped  in  the  Angola-Brazil  Basin  behind  the 
Walvis-Sao  Paulo  Ridge.  Hiatuses  and  intervals 
of  redeposition  indicated  on  Figure  6  are  cri¬ 
tical  to  development  of  a  circulation  model  for 
the  South  Atlantic  (Fig.  2).  For  example, 
Natland  (1978)  inferred  that  spillover  of  dense, 
saline,  episodically  anoxic  water  from  the 
Angola  Basin  to  the  Cape  Basin  persisted  until 
late  in  the  Cretaceous  (Fig.  2,  B  and  C)  because 
of  the  evidence  for  erosion  at  Site  363 
(indicated  in  part  by  the  extended  hiatus  shown 
on  Fig.  6) ,  and  because  Site  361  contains  evi- 
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donee  for  currents  and  a  persistent  basaltic 
component  in  its  provenance  throughout  this  time. 
The  basaltic  component  probably  was  transported 
to  the  south  by  currents  sweeping  the  Orange 
River  delta  (the  river  then  as  now  drained  the 
Karroo  Basin  with  its  abundant  Stormberg  basalts). 
It  should  also  be  noted  that  hiatuses  could  rep¬ 
resent  intervals  of  anoxia  and  in  fact,  at  Sites 
363  and  364,  the  Cenomanian  marker  fossil 
Lizkvaphadiies  aiatus  could  be  missing  for  ecolo¬ 
gical  reasons  (Proto-Deciraa,  et  al.,  1978). 

It  is  doubtful  that  southward  flowing  thermo¬ 
haline  currents  in  the  Cape  Basin  could  have 
existed  without  supply  of  dense,  saline  waters 
from  the  Angola  Basin  across  lValvis-S3o  Paulo 
Ridge.  When  deep  passages  opened  to  the  North 
Atlantic  and  along  h'alvis-Sao  Paulo  Ridge  by 
Campanian  times,  erosion  on  Walvis  Ridge  (Site 
365),  evidence  for  currents  in  the  southern  Cape 
Basin  (Site  561),  and  anoxia  in  the  Angola  Basin 
(Site  364)  all  ceased.  The  consequence  of  com¬ 
pletely  ventilating  the  South  Atlantic,  paradoxi¬ 
cally,  was  dramatically  to  slew  down  thermohaline 
circulation  throughout  the  ocean.  Vigorous  bot¬ 
tom  currents  (sufficient  to  cause  erosion)  did 
not  again  develop  until  the  formation  of  Antarc¬ 
tic  deep  cold-water  currents  late  in  the  Tertiary 
(Kennett,  et  al.,  1972;  McCoy  and  Zimmerman, 

1977;  Melguen,  1978;  Sicsser,  1978).  Turning 
the  argument  around,  during  its  earlier,  more 
restricted  phases,  deep  currents  in  the  South 
Atlantic  had  to  form  solely  within  its  two 
basins.  This  must  have  been  by  sinking  and  flow 
of  dense,  more  saline  waters;  there  was  no  other 
way  to  produce  them.  Kith  the  evidence  that 
such  currents  existed  through  much  of  the  Late 
Cretaceous,  it  is  likely  that  the  intermittent 
anoxia  in  the  Angola-Brazil  Basin  through  much 
of  this  time  resulted  from  episodic  salinity 
stratification  and  overturn,  as  shown  on  Figure 
2.  Other  explanations  (such  as  an  oxygen  mini¬ 
mum)  arc  inadequate  to  explain  all  aspects  of 
South  Atlantic  circulation,  although  they  nay  be 
perraissable  on  lithologic  grounds.  It  is  also 
possible  that  the  intermittence  of  3noxia  at 
Site  364  in  the  Late  Cretaceous  merely  reflects 
fluctuations  in  the  top  of  a  more  persistent 
dense  anoxic  water  mass.  Therefore,  no  great 
stock  should  be  placed  in  the  precise  timing  or 
duration  of  anoxic  events  recorded  at  Site  364, 
since  they  are  only  the  minimum  possible  for  the 
Angola-Brazil  Basin  as  a  whole. 

Kc  have  gone  into  some  detail  here  on  the 
South  Atlantic  to  illustrate  the  variety  of 
lithologic,  chemical,  raineralogic,  and  strati¬ 
graphic  evidence  needed  to  develop  a  wholly  con¬ 
sistent  model  for  paleocirculation  and  Cretace¬ 
ous  anoxic  events,  and  because  we  believe  that 
the  South  Atlantic,  specifically  the  Angola- 
Brazil  Basin,  also  influenced  the  central  North 
Atlantic  during  perhaps  Albian  through  Coniacian 
times  in  ways  similar  to  that  described  for  the 
Cape  Basin.  The  complete  story  for  the  North 
Atlantic,  though,  is  more  involved  than  for  the 


South  Atlantic,  and  anoxic  events  there  cannot 
be  tj  u  to  a  single  mechanism. 

North  Atlantic  Carbonaceous 
Sediments  -  Regional  Setting 

Carbonaceous  sediment  of  early  to  middle  Cre¬ 
taceous  age  has  been  recovered  in  the  majority 
of  Deep  Sea  Drilling  sites  reaching  rocks  of 
this  age  in  the  North  Atlantic.  These  sites  are 
located  in  both  the  eastern  and  western  basins 
of  the  central  North  Atlantic  which  initially 
opened  in  early  Jurassic  (-vlSO  ra.y.B.P.)  time 
(Pittman  and  Taiwan!,  1972;  see  Van  llouten, 

1977,  for  discussion  of  geological  evidence)  and 
lay  in  low  to  raid-latitudes  during  the  early 
Cretaceous  (Fig.  1).  Carbonaceous  sediment  was 
also  recovered  in  the  northern  North  Atlantic 
Basin  (north  of  the  Newfoundland  Fracture  Zone), 
which  opened  much  later,  probably  in  Barremian- 
Aptian  time  (Ryan,  Sibuet,  et  al.,  in  press)  and 
occupied  a  higher  paleolatitude  (“-10°)  during 
the  early  Cretaceous. 

The  central  North  Atlantic  was  already  over 
2500  km  wide  by  Aptian-Albian  time  (Sclater,  et 
al.,  1977;  see  Fig.  1).  Surface  water  exchange 
probably  occurred  with  Tcthys,  the  Pacific,  and 
the  northern  North  Atlantic;  however,  it  is  not 
clear  whether  efficient  deep  water  exchange 
occurred  with  any  of  these  ocean  basins. 

Saunders,  et  al.  (1975)  suggest  that  a  Panamanian 
submarine  ridge  formed  a  barrier  to  circulation 
front  the  Pacific  through  the  Caribbean  and  North 
Atlantic  during  much  of  middle  to  late  Cretaceous 
time.  It  is  likely  that  some  inflow  to  the  North 
Atlantic  occurred  there.  Continuity  and  simi¬ 
larity  of  pelagic  deep-water  facies  in  Tcthyan 
settings  with  those  of  the  North  Atlantic  basins 
(e.g.,  Bernoulli,  1972;  Bernoulli  and  Jenkyns, 
1974)  suggests  through-circulation  between  these 
oceans  in  Cretaceous  time.  Surface  water  connec¬ 
tions  were  established  with  the  South  Atlantic 
Ocean  by  late  Albian  time  (Petters,  1978; 

Forster,  1978)  while  deep  water  exchange  was 
probably  possible  by  Cenomanian  time.  The  north¬ 
ern  North  Atlantic  may  have  been  at  least  parti¬ 
ally  restricted  at  its  south  end  by  the  J- 
anomalv  ridge  and  the  southeast  Newfoundland 
Ridge  (e.g.  Sibuet  et  al.,  in  press;  Tudholkc 
and  Vogt,  in  press)  such  that  deep-water  circu¬ 
lation  was  not  possible  to  the  rest  of  the  North 
Atlantic  until  after  mid-Albian  time. 

The  age  range  of  carbonaceous  sediment  in 
North  Atlantic  sites  is  generally  Hauterivian 
through  Cenomanian  and  locally  early  Turonian 
(Fig.  7).  The  carbonaceous  sediment  generally 
consists  of  interbedded  dark-colored  and  lighter- 
colored  claystone,  marlstone  and  limestone. 
Interbedded  sandy  and  silty  layers  are  present 
in  the  Hauterivian  through  Aptian  interval  in  a 
number  of  sites  along  the  west  African  continen¬ 
tal  margin  (e.g..  Sites  570,  397,  and  415)  and 
off  Portugal  (Site  398).  More  calcareous  facies 
are  found  in  the  pre-Aptian  intervals  of  many 
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Fig.  7.  Summary  of  ages  of  Cretaceous  carbonaceous  mudstone  or  other  organic  carbon  rich 
facies  in  North  Atlantic,  Caribbean,  and  selected  Pacific  JOIDES-DSDP  drill  sites.  Note 
concentration  within  Hauterivian  through  Cenomanian  interval.  Compiled  from  numerous  sources. 

Symbols: 

1)  site  reached  basement 

2)  hiatus 

3)  age  uncertain  or  inferred 

4)  cored  interval  with  age  documented 

5)  primarily  daii-colored,  relatively  organic 
rich  sediment  showing  evidence  of  anoxic  or 
very  low  oxygen  condition 

6)  primarily  dark-colored,  organic  carbon  rich 
sediment  showing  evidence  of  low  oxygen  to 
oxygenated  conditions 

7)  sediment  evidencing  well-oxygenated  condi¬ 
tions 
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sites  and  in  some  sites  occupying  shallower 
paleodepths  during  Aptu-n-Albian  time  (e.g.. 

Sites  144  and  369).  At  any  rate,  organic  carbon- 
rich  sediment  has  been  recovered  at  sites  of 
virtually  all  paleodepths  (Fig.  8)  except  very 
shallow  ones  such  as  Sites  390  and  392  on  the 
western  margin  of  the  central  North  Atlantic 
(see  Benson,  Sheridan,  et  al.,  1978). 

Organic  Matter  in 
North  Atlantic  Sediment 

Total  organic  carbon,  palynological ,  vitrinite 
reflectance,  pyrolysis,  carbon  isotope,  and 
other  studies  of  kerop.en  and  extractable  organic 
matter  must  be  used  to  evaluate  the  paleoenvi- 
ronmental  conditions  of  preservation  and  extent 
of  diagenesis  of  organic  compounds  (Didyk,  et 
al.,  1978).  A  more  thorough  discussion  of 
studies  of  organic  matter  of  Cretaceous  age  can 
be  found  in  Tissot  et  al.  (this  volume). 

Although  North  Atlantic  carbonaceous  sediments 
are  mostly  early  and  middle  Cretaceous  in  age, 
organic- carbon  rich  facies  persist  into  late 


m.y.BP 


Fig.  8.  Age-depth  relation  for  selected  central 
North  Atlantic  DSDP  sites  during  Cretaceous  time. 
Data  modified  from  Sclater,  et  al.,  1977;  timing 
of  carbonaceous  muds,  multicolored  clay,  and 
mid-Cretaceous  hiatus  shown  at  each  site.  Note 
that  sites  in  the  eastern  basin  are  marked  by 
slightly  longer  duration  of  carbonaceous  mud¬ 
stone  deposition  (138,  137,  367,  144). 
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Cretaceous  time  in  some  parts  of  the  eastern  and 
southern  North  Atlantic  (e.g.,  Sites  144,  367) 
and  through  the  Caribbean  Sea  (Edgar,  Saunders, 
et  al.,  1973).  Tethyan  sections  from  southern 
France  (de  Boer,  et  al.,  1978)  and  Italy  (Arthur, 
unpublished  data)  show  best  development  of  black 
shale  facies  during  Aptian-Albian  time,  but  thin 
carbonaceous  mudstones  are  interbedded  with  pel¬ 
agic  limestones  as  old  as  Hauterivian  in  age  and 
again  in  Cenomanian-Turonian  time.  Patterns  of 
organic  carbon  concentration  in  many  DSDP  sites 
and  at  Gubbio,  Italy  are  similar  but  absolute 
values  of  organic  carbon  vary  regionally  (Fig. 

9) .  Highest  values  occur  in  Cenomanian  to  ear¬ 
liest  Turonian  carbonaceous  mudstones,  and  the 
lowest  values  occur  in  interbedded  limestones 
and  light-colored  mudstone  of  all  ages.  Table  3 
shows  average  values  for  organic  carbon  in  the 
North  Atlantic  by  stage  from  all  DSDP  sites 
through  Leg  48.  Note  the  high  Hauterivian 
through  Cenomanian  averages. 

Mixtures  of  marine  and  terrigenous  or  predomi¬ 
nantly  terrigenous  organic  matter  are  common  in 
sediment  of  pre-late  Albian  age  and  the  marine 
organic  component  dominates  from  late  Albian  on¬ 
ward  at  many  sites.  Tne  details  vary  from 
region  to  region  and  according  to  analytical 
techniques  used  (see  Tissot,  et  al.,  this  vol¬ 
ume;  Simoneit  et  al.,  1972,  1973;  Dow,  1978; 
Kendrick,  et  al.,  1978;  Deroo,  et  al.,  1978; 
Simoneit,  1978;  Kendrick,  et  al.,  1978;  Cardoso 
et  al.,  1978;  Erdman  and  Schorno,  in  press; 
Stuermer  and  Simoneit,  1978).  For  example,  at 
Site  398  (Fig.  9C)  terrigenous  organic  matter 
predominates  until  late  Albian  time  in  the 
northern  North  Atlantic,  and  significant  marine- 
derived  organic  matter  appears  from  late  Albian 
throwh  early  Cenomanian  time  (e.g.,  Deroo,  et 
al.,  m  press;  see  Arthur,  in  press,  for  sum¬ 
mary)  .  Site  386  in  the  western  central  North 
Atlantic  basin  is  characterized  by  the  presence 
of  both  marine  and  terrigenous  organic  matter  in 
carbonaceous  clays  of  Aptian  through  lower  Ceno¬ 
manian  age  (Kendrick,  et  al.,  in  press;  Deroo  et 
al.,  in  press).  Typical  Aptian-Cenomanian  black 
clay  layers  at  Site  367  in  the  Cape  Verde  Basin 
of  the  east-central  North  Atlantic  also  contain 
marine  planktonic  organic  matter  (Deroo,  et  al., 
1978).  However,  terrigenous  organic  matter  is 
preserved  in  many  muddy  turbiditic  layers 
(Lancelot  and  Seibold,  1978).  Note  that  values 
or  organic  carbon  are  typically  much  higher  in 
the  eastern  basin  than  the  western  basin  of  the 
central  North  Atlantic  (Fig.  9A,  B) . 

Deposition  of  many  of  the  organic  carbon  rich 
layers  probably  occurred  under  anoxic  conditions, 
based  on  sedimentary  and  geochemical  criteria 
(e.g.,  Simoneit,  1977;  Lancelot  and  Seibold, 

1978;  Kendrick,  in  press;  McCave,  in  press)  al¬ 
though  there  remains  some  debate  about  this 
(Gardner  et  al.,  1978;  Montadert,  Roberts,  et 
al.,  1976).  The  intensity  and  duration  of  in¬ 
tervals  of  oxygen  depletion  in  the  water  column 
also  probably  varied  with  time,  stability  of 
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Fig.  9.  Measurements  of  organic  carbon  content  in  lower  to  middle  Cretaceous  sediment  from  selected 
North  Atlantic  DSDP  sites  and  from  Gubbio,  Italy  to  illustrate  general  trends.  A)  Western  central 
North  Atlantic:  data  and  ages  from  Hollister,  Ewing  et  al.,  1972  (Site  105);  Tucholke,  Vogt  et  al., 
in  press,  (Site  386);  and  Benson,  Sheridan  et  al.,  in  press,  (Site  391).  B)  Eastern  central  North 
Atlantic:  data  and  ages  from  Lancelot,  Seibold  et  al.,  1978.  C)  Gubbio,  Italy:  data  from  Arthur  .  v 
(unpublished).  D)  Site  398,  northern  North  Atlantic:  data  and  ages  from  Ryan,  Sibuet  et  al.,in  press- 
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stratification,  and  local  rates  of  organic  car¬ 
bon  supply.  Sedimentation  rates  m  many  of 
these  sequences  were  relatively  low  (usually 
less  than  15-20  m/m.y.)  except  in  sites  located 
near  continental  margins  and  active  deltas  or 
deep-sea  fans  (c.g.,  Site  39S  in  northern  North 
Atlantic  and  Site  370  in  the  Moroccan  Basin). 

The  large  amount  of  terrigenous  organic  matter 
in  the  sediment  of  llauterivian  through  Albian 
age  is  most  likely  the  result  of  input  from 
deltas  fringing  both  sides  of  the  Atlantic  dur¬ 
ing  early  Cretaceous  time  (c.g.,  Jansa  and  Kade, 
1975;  Binsele  and  von  Bad,  1978;  U'iedmann,  et 
al.,  1978;  llyan  and  Cita,  1977). 

The  preservation  of  this  material  under  at 
least  partly  anoxic  conditions  is  not  unlike 
that  of  the  Black  Sea,  where  terrigenous  lipids 
(Simoneit,  1977)  comprise  most  of  the  organic 
matter  in  sediment  deposited  during  a  period  of 
intense  anoxia  existing  during  the  last  7000 
years  (Dcgcns  and  Ross,  1974).  The  contribution 
of  marine  organic  matter  to  black  shales  in  any 
one  site  is  a  function  of  contemporaneous  sea- 
surface  productivity  over  the  site  and  extent  of 
anoxia  in  the  water  column. 

Lithology  of  Carbonaceous  Sediment 
in  the  North  Atlantic 

The  details  of  lithology,  sedimentary  struc¬ 
tures,  and  variations  in  organic  carbon  content 
of  carbonaceous  mudstones  will  not  be  presented 
here;  they  can  be  found  in  the  appropriate  Ini¬ 
tial  Reports  of  the  Deep  Sea  Drilling  Project 
and  in  some  of  the  other  papers  which  have 
discussed  the  early  to  middle  Cretaceous  "black 
shale"  phenomenon  (Lancelot  et  al.,  1972;  Berger 
and  von  Rad,  1972;  Schlanger  and  Jenkyns,  1976; 
Ryan  and  Cita,  1977;  Fischer  and  Arthur,  1977; 
Dean  et  al.,  1978;  Gardner,  et  al.,  1978;  McCave, 
in  press;  Arthur,  in  press). 

A  conspicuous  feature  of  nearly  all  carbona¬ 
ceous  mudstone  sections  in  the  North  Atlantic 
(and  in  post-middle  Albian  sediments  of  the  Ango¬ 
la  Basin)  is  rhythmically  interbedded  light  and 
dark  colored  sediment.  This  rhythmicity  is  gen¬ 
erally  expressed  as  an  alternation  of  dark  gray 
to  black,  homogeneous  to  laminated,  organic- 
carbon  rich  clay  or  mudstone  and  light  greenish 
gray  to  blue-gray,  burrow-mottled  mudstone, 
marlstone,  or  limestone  (Fig.  5).  The  carbonate 
content  depends  on  age  and  depth  of  deposition, 
and  on  amount  of  terrigenous  dilution:  Neocomian 
rhythms  generally  consist  of  marl -limestone 
couplets  while  Aptian-Albian  rhythms  are  gener¬ 
ally  more  carbonate  depleted.  This  is  inferred 
to  reflect  a  relatively  shallow  CCD  level  (i.e., 
less  than  3000  meters)  in  the  North  Atlantic 
during  post-Barremian  through  much  of  Late  Cre¬ 
taceous  time  (e.g.,  Tucholke  and  Vogt,  in  press). 
These  marl-shale  couplets  or  similar  rhythmically 
interbedded  light  and  dark-colored  clays  seem  to 
be  present  at  nearly  all  paleodepths  sampled  in 
the  North  Atlantic  (from  shallower  Sites  144  and 


369  to  deepest  levels  during  Aptian-Albian  time 
at  Sites  105,  386,  387  and  391)  and  in  Tethyan 
sections  such  as  Vergons,  France  (de  Boer  et  al.. 
1978;  personal  observation)  and  Gubbio,  Italy 
(Arthur  and  Fischer,  1977).  McCave  (in  press) 
and  Dean  et  al.  (1978)  have  discussed  exemplary 
lower  Cretaceous  sediments  of  the  western  and 
eastern  central  North  Atlantic  basins  respec¬ 
tively. 

Estimates  of  the  periodicity  of  these 
oxidation-reduction  rhythms  arc  subject  to  sev¬ 
eral  assumptions,  but  suggested  periods  range 
from  20,000  to  100,000  yrs. /rhythm  with  an  aver¬ 
age  of  about  50,000  yrs.  being  the  best  estimate 
(Arthur  and  Fischer,  1977;  Dean,  et  al.,  1978). 
The  estimated  20,000  yrs. /rhythm  for  similar 
middle  and  late  Cretaceous  sediments  in  the 
Angola  Basin  already  discussed  is  comparable  to 
the  lowest  estimates  for  the  North  Atlantic. 

This  type  of  rhythmicity  with  approximately  the 
same  period  is  seen  to  some  extent  in  the  lower 
Cretaceous  section  at  Site  398  in  the  northern 
North  Atlantic  (Arthur,  in  press),  especially 
within  sediment  of  llauterivian  and  of  Albian- 
Cenoinanian  age;  it  has  also  been  reported  from 
Sites  400  and  402  along  the  Bay  of  Biscay  margin 
in  both  shallow  and  deep  water  carbonaceous  mud¬ 
stone  settings  (Montadert,  Roberts,  et  al., 

1976) . 

The  lithic  expression  of  the  cycles  varies 
somewhat  as  shown  in  Figure  5.  In  more  pelagic 
sequences,  the  passage  from  the  underlying  light 
colored  portion  of  the  cycle  to  black  clay  or 
mudstone  above  may  be  transitional  to  sharp, 
while  the  contact  between  dark  colored  mudstone 
and  overlying  lighter  colored  marl  is  also  sharp 
to  transitional.  The  original  nature  of  this 
contact  can  be  blurred  by  bioturbation  (as  at 
Gubbio,  Fig.  5)  but  McCave  (in  press)  has  shown 
it  to  be  often  very  sharp.  In  contrast,  the 
cycles  in  more  rapidly  deposited  sediment  with  a 
pronounced  high  terrigenous  input  generally  show 
sharp  contacts  between  light  colored,  more  cal¬ 
careous  layers  and  overlying  dark  colored,  rela¬ 
tively  organic-carbon  rich  layers  (Dean,  et  al., 
1978;  Arthur,  in  press).  The  passage  from  dark 
to  light  layers  is  generally  more  transitional. 
In  oxidation-reduction  rhythms  from  all  settings 
bioturbation  is  usually  confined  to  the  light 
colored,  sometimes  relatively  carbonate-rich  and 
organic  carbon  depleted  intervals;  dark  gray  to 
black  layers  are  often  organic  carbon  rich, 
relatively  carbonate-poor  and  are  homogeneous  to 
finely  laminated. 

Many  Aptian-Albian  carbonaceous  mudstone  seq¬ 
uences  are  typified  by  abundant  diagenetic  miner 
als  such  as  pyrite,  si  derite,  and  zeolites  (par¬ 
ticularly  clinoptilolite)  which  are  intimately 
related  to  the  chemical  conditions  of  anoxia. 

The  zeolitic  minerals  are  often  associated  with 
intervals  containing  abundant  siliceous  micro¬ 
fossils.  Radiolarite  or  radiolarian  bearing 
sediment  is  interbedded  with  black  and  gray  mud¬ 
stone  at  some  sites  in  Albian-Cenomanian  time 
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(e.g.,  Sites  105,  138,  144,  386,  387,  598). 
Turbiditic  muddy  silts  and  sands  are  common  in 
some  sequences  of  Hauterivian-Albian  age  as  well, 
especially  in  the  northern  North  Atlantic  (Site 
598)  and  the  Moroccan  Basin  (Site  370) . 


Saline  Spillover:  Intermittent 
Anoxia  and  Other  Indicators 


The  rhythm  described  above  for  the  central 
North  Atlantic  may  represent  periodicity  in  re¬ 
newal  of  oxygen  to  bottom  water,  possibly  by 
climatically-indjced  sinking  of  saline  surface 
waters  from  evaporative  shelf  settings  such  as 
in  the  Florida-Bahamas  region  and  the  Aaiun 
Basin  (see  Fig.  1)  (Arthur,  in  press)  or  in 
Albian  and  later  time  from  adjacent  restricted 
basins  such  as  the  Angola-Brazil  Basin  dis¬ 
cussed  above.  Depletion  of  oxygen  by  organic 
metabolism  after  such  a  pulse  of  bottom  water 
renewal  would  occur  gradually  so  that  the  transi¬ 
tion  from  burrowed  light  colored  portions  of 
cycles  to  dark-colored,  typically  unburrowed  and 
organic  carbon-rich  portions  would  be  transi¬ 
tional;  following  this  nearly  total  depletion  of 
oxygen  might  ensue  for  several  thousand  years. 

The  oxygenation  pulse  would  be  expected  to  be 
fairly  rapid,  hence  a  sharp  upper  contact  to  the 
black  clay  part  of  the  cycle  (Fig.  5).  However, 
later  bioturbation  may  alter  these  contact  rela¬ 
tionships.  Alternations  in  carbonate  preserva¬ 
tion  would  be  enhanced  during  the  oxygenated 
pulse  where  saline  waters  of  high  carbonate  al¬ 
kalinity  sink  to  the  bottom.  During  progressive 
oxygen  depletion,  C02  would  be  produced  and  the 
pH  would  be  expected  to  fall  within  the  sediment, 
resulting  in  dissolution  of  carbonate  until  sat¬ 
uration  was  again  reached.  Spillover  from  the 
saline  Angola-Brazil  Basin  in  the  South  Atlantic 
(see  discussion  above;  Ryan,  Bolli,  et  al.,  1978) 
might  also  enhance  stable  density  stratification 
and  induce  periodic  anoxia.  This  may  be  an  ex¬ 
planation  for  the  presence  of  sometimes  abundant 
dolomite  and  siderite  (Berger  and  von  Rad,  1972) 
in  parts  of  many  cycles  where  the  saline  waters 
react  with  carbonate  phases  in  the  sediment  to 
produce  these  diagenetic  minerals.  These  pulses 
may  have  influenced  especially  the  east  central 
Atlantic  where  saline  waters  overflowing  the 
Angola-Brazil  Basin  could  have  mixed  with  east 
central  North  Atlantic  deep  waters  during  Albian 
through  perhaps  Coniacian  time.  This  is  the 
same  period  during  which  periodic  anoxia  occur¬ 
red  in  the  Angola-Brazil  Basin  (Fig.  10). 

Cyclic  anoxia  or  low  oxygen  conditions  occurred 
prior  to  known  connections  between  the  North  and 
South  Atlantic,  as  well  as  after  the  end  of 
known  large-scale  evaporite  formation.  Cyclic 
fluctuations  in  surface  productivity  (McCave,  in 
press)  and  in  input  of  terrigenous  organic 
matter  (Dean,  et  al.,  1978)  cannot  be  excluded 
as  a  cause  of  some  of  the  rhythmicity. 


Evolution  of  Carbonaceous  Sediment 
Deposition  in  the  Northern 
North  Atlantic 

Carbonaceous  mudstones  were  deposited  in  the 
northern  North  Atlantic  (cored  at  Site  39S  of 
Leg  47B  and  Sites  400  and  402  of  Leg  4S)  at  water 
depths  ranging  from  less  than  200  meters 
(Montadert,  Roberts,  et  al.,  1976)  to  over  4000 
meters.  Organic  carbon  contents  in  these  seq¬ 
uences  are  generally  low  for  carbonaceous  mud¬ 
stones  (Fig.  4)  and  consist  nearly  entirely  of 
land-derived  higher  plant  debris  (e.g.,  Deroo, 
et  al.,  in  press;  Habib,  in  press;  Montadert, 
Roberts,  et  al.,  1976)  except  within  late  Albian 
and  Cenomanian  strata.  High  sedimentation  rates 
of  terrigenous  detritus  (25  to  100  m/m.y.)  and 
reducing  conditions  within  The  sediment  column 
prevailed  during  most  of  early  Cretaceous  time 
(Ryan,  Sibuet,  et  al.,  in  press);  conditions 
were  also  periodically  anoxic  or  very  oxygen- 
depleted  with  deeper  waters  of  the  basin. 

The  following  factors  probably  led  to  the 
development  of  a  carbonaceous  mudstone  facies  in 
the  northern  North  Atlantic:  tectonic  restric¬ 
tion  (bounded  by  continents  and  possibly  parti¬ 
ally  restricted  by  a  high  sill  at  the  southeast 
Newfoundland  Ridge  and  J-anomaly  ridge;  Sibuet, 
et  al.,  in  press)  and  an  uplifted  hinterland 
(Wilson,  1975)  with  adjacent  coastal  vegetation 
belts  resulting  in  outpourings  of  terrigenous 
elastics  and  land  plat  detritus.  This  is  the 
waning  stage  of  the  large  Wealden  deltaic  epi¬ 
sode  of  Early  Cretaceous  time  (Allen,  1959,  1975; 
Jansa  and  Wade,  1974).  Not  all  occurrences  of 
carbonaceous  sediment  can  be  explained  by  the 
terrigenous  influx  model  (cf . ,  Montadert, 

Roberts,  et  al.,  1976;  Habib,  in  press;  Tissot, 
this  volume) . 

Evolution  in  the  Central 
North  Atlantic 

In  the  eastern  and  western  basins  early  to 
middle  Cretaceous  sedimentation  developed  in 
three  stages: 

1)  intercalations  of  dark,  laminated  carbona¬ 
ceous  mudstone  and  occasional  thin  sands  or 
silts  within  light-colored,  typically 
bioturbated  pelagic  limestone  of  Valanginian- 
Hauterivian  and  Barremian  age.  Sedimentation  of 
pelagic  carbonate  declined  at  most  sites  as  they 
subsided  below  the  CCD  and  as  the  CCD  apparently 
abruptly  rose  in  Barremian  time  (e.g.,  Tucholke 
and  Vogt,  in  press); 

2)  development  of  typical  carbonaceous  mud¬ 
stone  facies  in  Barremian  through  middle  Albian 
time  with  an  obvious  terrigenous  imprint  mainly 
the  result  cf  lack  of  dilution  by  pelagic  car¬ 
bonates,  but  also  the  outbuilding  of  submarine 
fans  at  some  points  along  continental  margins. 
Limestones  are  generally  absent  except  at  much 
shallower  sites  (e.g.,  144  and  369,  390,  392). 
Variations  in  sedimentation  rate,  the  amount  of 
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and  tectonic  events  for  Cretaceous  time  in  the  North  and  South  Atlantic  Oceans. 


terrigenous  detritus,  and  the  ratio  of  terri¬ 
genous  versus  marine  organic  matter  depended  on 
paleodepth,  proximity  to  deltaic  influx,  and 
local  sea  surface  fertility.  Anoxic  or  near 
anoxic  conditions  in  the  water  column  were  peri¬ 
odic  throughout  most  of  the  North  Atlantic. 
Analogous  Tethyan  examples  are  common; 

3)  late  Albian  through  Cenomanian  carbonaceous 
mudstones  or  multicolored  clays  typified  by  pri¬ 
marily  marine  organic  matter  preserved  in  black 
mudstone  layers  and  interbedded  oxidized  pelagic 
carbonates,  mudstones,  and  radiolarian  sands. 

This  implies  overturn  of  deep  water  masses, 
nutrients  and  increased  sea  surface  productivity 
over  much  of  the  North  Atlantic  and  a  distinct 
waning  of  the  terrigenous  input.  Periodic  an¬ 
oxia  still  occurred  in  deep  water  masses. 

Hiatuses  and/or  condensed  sedimentation  of  oxi¬ 
dized  red  or  multicolored  clays  characterize 
post-Cenomanian  upper  Cretaceous  sediments  at 
most  North  Atlantic  sites  even  those  in  central 
portions  of  the  basin  where  slumping  has  not 
been  significant  (Figs.  7  and  10).  Sea  floor 
erosion  or  low  rates  of  deposition  and  well- 
oxygenated  conditions  were  probaoly  related  to 
the  destruction  of  stable  stratification  and 
increased  circulation,  overturn,  and  oxygenation 
of  deep  waters.  A  Cenomanian  sea  level  rise 
(Fig.  10)  led  to  entrapment  of  terrigenous 
material  in  shallow  shelf  seas  and  possibly  re¬ 
sulted  in  the  destruction  of  sites  of  production 
of  dense  saline  sea  water  by  drowning  of  rudis- 
tid  reef  complexes  and  associated  shallow  water 
evaporite  settings  (e.g.,  Matthews,  et  al., 

1974).  The  cessation  of  formation  of  saline 
water  in  the  South  Atlantic  (Natland,  197S)  in 
the  late  Cretaceous  also  probably  led  to  more 
efficient  mixing  and  oxygenation  of  deep  waters. 
Upwelling  of  nutrient-rich  waters  and  overflow 
of  saline  waters  from  the  Angola-Brazil  Basin 
p’-obably  continued  along  the  coast  of  west  Africa 
and  northern  South  America  and  led  to  organic 
carbon- rich  sediment  of  Turonian  and  possibly 
Coniacian  age  there  (Berger  and  von  Rad,  1972; 
Lancelot,  Seibold,  et  al.,  1978;  Einsele  and 
Kiedman,  1975). 

Conclusions 

Stable  water-mass  stratification  is  necessary 
for  establishment  of  deep  water  anoxia  and  for 
preservation  of  unusual  amounts  of  organic  matter 
in  deep  sea  sediments;  this  is  a  function  of  sal¬ 
inity  and  temperature  which  may  vary  latitudin- 
ally  and  regionally.  Salinity  and  temperature 
depend  on  such  factors  as  average  air  tempera¬ 
ture,  the  balance  of  evaporation  versus  precipi¬ 
tation  over  a  sea  and  adjacent  land  areas,  and 
the  amount  of  restriction  of  an  ocean  basin 
(landlocked,  silled  or  open  to  adjacent  basins). 
The  rate  of  input  and  burial  of  organic  matter 
and  sources  of  this  material  (terrigenous-derived 
versus  marine)  will  influence  organic  matter  pre¬ 
servation. 


Restricted  high  latitude  ocean  basins  having  an 
excess  of  precipitation  over  evaporation  can  de¬ 
velop  a  stable  salinity  stratification  with  a  low 
salinity  surface  water  layer,  especially  if  deep 
waters  are  derived  from  exchange  with  surface 
waters  of  adjacent  more  saline  basins.  A  modern 
example  of  this  is  the  Black  Sea  (e.g.  see  Ryan 
and  Cita,  1977).  Organic  productivity  in  sur¬ 
face  waters  within  such  a  restricted  basin  may 
be  relatively  low;  anoxic  or  near  anoxic  condi¬ 
tions  may  develop  in  deep  waters  of  the  basin, 
but  mainly  terrigenous-derived  organic  matter 
will  be  preserved  in  sediments  possibly  because 
more  easily  degraded  marine  organic  matter  is 
rapidly  utilized  by  micro-organisms  and  is  pri¬ 
marily  responsible  for  oxygen  draw  down  in 
deeper  water  masses.  Organic  material  is  ar¬ 
rived  mostly  through  river  deltas  and  low-lying 
coastal  plains  in  this  climatic  regime  (Habib, 
in  press;  Simoneit,  1977).  This  is  probably  an 
explanation  for  the  origin  of  the  carbonaceous 
mudstones  in  the  northern  North  Atlantic  (Fig. 

1)  and  similar  to  the  situation  described  by 
Kauffman  (1975)  and  Stholle  and  Kauffman  (1977) 
for  the  early  Cretaceous  western  interior  seaway 
of  North  America. 

Another  end-member  of  stably  stratified  basin 
types  is  a  tectonically  restricted  low  latitude 
basin  where  evaporation  exceeds  precipitation. 

In  this  type  of  basin,  a  stable  salinity  strati¬ 
fication  develops  by  sinking  of  uense,  saline 
surface  or  shelf  waters.  Again  carbonaceous  mud¬ 
stones  would  result  as  ar.oxic  conditions  devel¬ 
oped  because  of  the  low  initial  oxygen  solubility 
in  high  salinity  waters  (Kinsman,  et  al.,  1973) 
and  long  residence  times  of  bottom  water.  These 
mudstones  occur  possibly  in  association  with 
evaporites  (Natland,  1978).  Both  terrigenous 
and  marine  organic  matter  could  be  preserved  in 
such  a  basin.  The  early  Cretaceous  Angola-Brazil 
3asin  of  the  South  Atlantic  is  an  example  of 
this. 

An  intermediate  situation  can  develop  in  slug¬ 
gishly  circulating  but  more  open  basins.  Anoxic 
or  low  oxygen  conditions  may  develop  in  deep 
waters  due  to  a  density  stratification  and  low- 
latitudinal  thermal  gradients.  Such  basins,  in 
this  case  the  early  Cretaceous  central  North 
Atlantic  and  the  Cape  Basins  (see  Figs.  2  and  10) 
may  be  influenced  by  events  in  adjacent  restric¬ 
ted  basins.  Dense,  more  saline  sea  water  pro¬ 
duced  by  evaporation  in  low  latitude  marginal 
coastal  basins,  on  broad  shoal  water  platforms, 
and  in  restricted  low  latitude  oceanic  basins 
such  as  the  Angola-Brazil  Basin  may  spill  into 
adjacent,  somewhat  stably  stratified  basins 
causing  even  more  stable  stratification  (in  the 
absence  of  the  great  volume  of  cold  dense  deep 
water  of  today)  thus  enhancing  anoxia.  The  high 
latitude  restricted  basin  discussed  above  may 
have  a  similar  effect  in  that  less  dense  or 
brackish  surface  waters  may  periodically  over¬ 
flow  into  adjacent  basins  thus  providing  a  "lid" 
for  stable  salinity  stratification.  These 
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spills,  which  may  be  climatically  modulated, 
could  be  an  explanation  for  the  intermittent  but 
apparently  rhythmic  anoxia  in  the  larger  ocean 
basins. 

Variations  on  the  oxygen  minimum  model 
(Schlanger  and  Jenkyns,  1976;  Thiede  and  van 
Andel,  1977;  Fischer  and  Arthur,  1977)  can  be 
applied  to  the  vertical  oxygen  distribution  in 
some  open  basins  (e.g.,  ecrly  Cretaceous  equa¬ 
torial  Pacific,  Indian  and  middle  Cretaceous 
North  and  South  Atlantic  Oceans).  Enhanced^ 
overturn  of  deep  waters,  upwelling  and  highJpro- 
ductivity  may  extend  the  record  of  carbonaceous 
sediment  near  and  along  continental  margins  after 
the  major  anoxic  episodes  have  ceased  due  to  the 
establishment  of  effective  circulation  (Fig.  10). 
This  is  suggested  as  one  possible  origin  of 
Cenomanian-Turonian  and  Coniacian-Santonian 
organic-carbon  rich  sediment  along  northwest 
Africa  (Einsele  and  Wiedmann,  197S;  Wiedmann,  et 
al.,  1978)  through  the  Caribbean  region  (see 
Edgar,  Saunders,  et  al.,  1973)  and  perhaps  in 
parts  of  the  South  Atlantic  (Thiede  and  van 
Andel,  1976;  Supko,  Perch-Nielson,  et  al.,  1977). 

Intensity,  duration,  and  depth  distribution  of 
anoxia  depenas  on  the  size  of  the  basin,  age  and 
sources  of  bottom  water,  upwelling  and  fertility 
and  therefore  the  amount  of  degradable  organic 
matter  entering  the  system.  The  early  Cretaceous 
central  North  Atlantic  Basin  was  probably  inter¬ 
mittently  anoxic  or  nearly  so  throughout  its 
depth.  These  periodic  oxygen-depleted  intervals 
led  to  the  preservation  of  both  marine  (phyto- 
planktic)  and  terrigenous  (higher  plant)  organic 
natter  in  the  carbonaceous  mudstones.  Deltaic 
systems  added  sediment  and  organic  material  to 
the  northern  and  central  North  Atlantic  (Jansa 
and  Wade,  1975;  Einsele  and  von  Fad,  1978; 
Wiedmann,  et  al.,  1978)  during  much  of  the  early 
Cretaceous,  and  to  the  Aptian  Cape  Basin  (Ryan, 
Bolli,  et  al.,  1978).  Marine  organic  matter  in 
lower  to  middle  Cretaceous  carbonaceous  mudstones 
resulted  from  enhanced  preservation  under  areas 
of  upwelling  of  nutrient-rich  deep  water  such  as 
around  the  continental  margin  of  Africa  and  along 
oceanic  divergences. 

More  detailed  studies  of  carbonaceous  mudstones 
are  certainly  necessary.  Some  promising  areas  of 
research  seem  to  be:  (1)  continued  characteriza¬ 
tion  or  organic  matter  with  regard  to  its  origin 
(terrigenous  vs.  marine)  and  degree  of  preserva¬ 
tion,  especially  as  an  indication  that  anoxic 
conditions  may  have  existed  in  the  water  column 
(see  Didyk,  et  al.,  1978).  Care  should  be  taken 
to  note  the  lithology  of  samples  taken  for  or¬ 
ganic  geochemical  studies  and  examination  of  all 
lithologies  should  be  made  for  comparison  since 
the  complexity  of  these  sequences  require  study 
of  more  than  the  normal  few  samples;  (2)  geo¬ 
chemistry  of  certain  mineral  phases  including 
carbonate  (e.g.,  siderite,  dolomite,  ankerite), 
sulfide  and  zeolite  minerals  should  be  examined; 
the  total  sedimentary  sulfide  content  and  trace 
element  associations  may  be  a  clue  to  the  degree 


of  establishment  of  anoxia  in  deep  water  above 
the  sediment-water  interface  (e.g.,  Kendrick,  m 
press),  while  the  cation  compositional  variations 
in  carbonate  phases  may  indicate  degree  of  salin¬ 
ity  and  alkalinity  of  deep  waters  in  contact  with 
sediment,  hence  possible  sources  of  those  water 
masses;  (3)  oxygen  isotope  studies  of  carbonate 
may  give  some  information  on  paleosalinities , 
while  ca. bon  isotope  analysis  can  possibly  indi¬ 
cate  trends  in  fractionation  of  carbon  species 
with  time,  including  the  rate  of  preservation 
and  burial  of  organic  matter  through  time  (e.g  , 
Scholle  and  Arthur,  1976);  (4)  Finally,  as  has 
been  attempted  here,  comparison  of  cor.l  tior.s  of 
deposition,  paleoenvironments  and  precise  timing 
of  events  in  adjacent  basins  should  be  made  in 
order  to  establish  possible  links  between  anoxic 
stratified  water  masses  in  one  basin,  and  evi¬ 
dence  for  currents  or  cyclic  anoxic  patterns  in 
adjacent  basins. 
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Abstract.  The  isolation  of  the  Mediterranean 
from  the  world  oceans  brought  about  by  plate  mo¬ 
tions  by  the  end  of  the  Miocene  resulted  in  evap- 
oritic  draw-dcwn  and  eventual  desiccation  which 
had  catastrophic  effects  on  the  marine  faunas  and 
floras  which,  populated  the  Mediterranean  waters 
before  the  salinity  crisis.  The  evaporites  re¬ 
present  an  essentially  abiotic  environment  and 
are  usually  barren;  being  basin-wide  in  extent, 
they  document  a  kind  of  sterilization  underzone 
by  the  Mediterranean.  Exceptions  are  represented 
by  algal  stromatolites,  which  are  common  in  the 
Mediterranean  record,  as  related  to  the  extra¬ 
ordinary  development  of  unusual  "intertidal" 
conditions. 

Sediments  associated  with  the  evaporites  are 
occasionally  fossiliferous.  When  it  can  be  proved 
that  fossils  are  in  situ  (reworking  is  common) 
they  generally  indicate  salinities  different  from 
normal  marine.  Of  special  interest  in  the  eastern 
Mediterranean  record  is  the  late  Messinian  "lago- 
mare"  faunal  assemblage  of  caspi-brackish  affinity. 
Capture  of  the  high  standing  lakes  of  the  Para- 
tethys  is  postulated,  possibly  through  subter¬ 
raneous  aquifers.  This  kind  of  fauna  was  not 
recorded  in  the  deep  western  Mediterranean  basins, 
whereas  it  is  present  in  peripheral  or  satellite 
basins  of  the  Mediterranean.  Sills  had  to  play 
a  major  role  in  the  distribution  of  this  fauna, 
but  dissemination  through  land  is  not  impossible. 

The  repopulation  of  the  Mediterranean  result¬ 
ing  from  the  early  Pliocene  flooding  was  almost 
instantaneous,  and  essentially  from  the  west 
(from  the  Atlantic).  Shallow  sills  separating 
the  western  from  the  eastern  Mediterranean  re¬ 
sulted  in  (a)  marked  difference  in  bottom  current 
activity,  the  eastern  basins  being  less  well 
ventilated  than  the  western  basins,  and  (b)  slower 
repopulation  of  the  former  by  bottom  living 
animals,  with  species  having  a  shallow  upper 
bathymetric  limit  coming  first. 

The  response  of  the  world  ocean  to  the  Medi¬ 
terranean  salinity  crisis  is  seen  as  a  distur¬ 
bance  in  the  pelagic  realm,  detectable  in  the 
carbonate  content  of  deep-sea  sediments,  and 
aiso  recorded  by  the  isotopic  signal.  The  sub¬ 
traction  of  over  1  x  10”  km3  of  salts  in  a 
time  span  of  less  than  1  x  10  y  indeed  lowered 


the  salinity  of  the  world  ocean  by  6%. 

This  disturbance  could  be  studied  carefully 
in  the  eastern  North  Atlantic  (DSDP  Site  397) 
where  a  continuously  cored  succession  of  heni- 
pelagic  sediments  deposited  at  an  unusually  high 
sedimentation  rate  offered  the  opportunity  to 
calibrate  with  accuracy  by  means  of  micropaleon¬ 
tology  and  of  paleomagnetic  stratigraphy  the 
Messinian  event,  and  to  clarify  its  climatic 
implications. 

Mediterranean  Salinity  Crisis 

Two  legs  of  the  GLOMAR  CHALLENGER  in  the 
Mediterranean  (Ryan,  HsU  et  al,  1973;  HsU, 
Montadert  et  al,  1978)  demonstrated  beyond  any 
doubt  that  Messinian  age  evaporites  are  basin¬ 
wide  in  extent.  Indeed,  of  the  twenty-two 
Mediterranean  drillsites,  the  only  ones  which  did 
not  recover  evaporites  and/or  associated  clastic 
sediments  are  those  indicated  by  an  arrow  in  Fig¬ 
ure  1,  located  on  submarine  volcanoes  (DSDP 
Site  123)  or  seamounts  (DSDP  Site  373);  those 
which  did  not  penetrate  beyond  the  Quaternary 
in  the  Nile  Cone  area  (DSDP  Sites  130  and  131), 
and  those  from  the  Hellenic  Trench  (DSDP  Sites 
127  and  128)  which  reached  melange  in  a  sub¬ 
due  tion  zone. 

Evaporites  are  the  sedimentary  expression  of 
an  essentially  abiotic  environment. 

Evaporitic  facies  recorded  from  various  Medi¬ 
terranean  basins  (Alboran,  Balearic,  Tyrrhenian, 
Ionian,  Levantine,  Aegean)  include  dolomitic 
marls,  selenitic  gypsum,  nodular  or  "chicken- 
wire"  anhydrite,  finely  laminated  ("balatino" 
facies)  gypsum  and/or  anhydrite,  and  halite. 

Some  of  these  facies  are  illustrated  in  Figures 
2  and  3.  Detailed  investigations  on  their  struc¬ 
tural  features,  diagenetic  characteristics,  and 
environmental  significance  nave  been  carried 
out  since  Leg  13  (HsU  et  al,  1973;  Schreiber, 
1973;  Friedman,  1973)  and  again  after  Leg  42A 
which  provided  a  variety  of  evaporitic  facies 
from  the  Ionian,  Levantine  and  Aegean  basins 
of  the  Eastern  Mediterranean  (Garrison  et  al, 
1978). 

In  most  cases  evaporites  are  sterile.  This 
basin-wide  sterilization  resulted  in  the  anni- 
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Figure  1  -  Location  of  DSD?  drillsices  drilled  in  1970  (open  circles)  and  in  1 
(solid  circles)  during  Leg  13  and  42A  respectively.  Arrows  point  to  the  locations 
where  Messinian  age  evaporites  have  not  been  recovered. 


hilation  of  the  entire  marine  fauna  which  popu¬ 
lated  the  Mediterranean  waters  prior  to  the 
salinity  crisis  (Cita,  1976). 

Associated  with  the  evaporites,  algal  stro¬ 
matolites  (see  Figure  3C)  are  common  in  the 
record  of  both  the  Western  and  Eastern  Mediter¬ 
ranean.  They  document  a  peculiar  inter-tidal 
environment  developed  in  a  tideless  sea,  where 
water-level  fluctuations  were  dynamically  con¬ 
trolled  by  the  evaporative  power  of  the  sun  in¬ 
stead  of  the  gravitational  attraction  of  the  moon, 
which  resulted  in  extensive  wandering  of  the 
p aleo-s trendlines  (Ryan,  Hsll  et  al,  1973,  p.  161). 

Non-evaporitic  sediments  associated  with  the 
evaporites  include  diatomites  whose  diatoms 
indicate  salinities  ranging  from  0  to  10°/oo  in 
the  Eastern  Mediterranean  (Schrader  and  Gersonde, 
1978)  and  from  15  to  20°/oo  in  the  Western  Mediter¬ 
ranean  (Hajos,  1973;  Schrader  and  Gersonde,  1978). 
They  also  include  silts  yielding  rich  palynological 
assemblages  (Bertolani  Marchetti  and  Cita,  1975) 
and  laminites  like  those  recovered  at  DSDP  Site 
372  in  the  Western  Balearic  Basin,  where  mono- 
specific  populations  of  Ammonia  beccaril  are 
suggestive  of  hypersaline  waters,  a  few  tens  of 
meters  deep,  and  where  monospecific  coccolith 
blooms  and  strange  nannofossils  interpreted  as 
fungi  have  been  discovered  in  the  white  laminae 
(Figure  4;  see  also  cita  et  al,  1978). 

Some  pyritic  marls  yield  dwarfed  foraminife- 
ral  faunas  whose  paleoenvironmental  significance 
is  still  poorly  understood.  They  could  be  auto¬ 
chthonous  faunas,  dwarfed  in  response  to  stress 
conditions,  or  reworked  and  selected  by  size.  A 
discrimination  is  neither  easy,  nor  sure  and 
convincing  (Cita  et  al,  1978). 


Invasion  of  Paratethyan  fat  grants 

Of  special  interest  in  the  deep-sea  record 
from  the  Eastern  Mediterranean  is  the  Messinian 
"lago-mare"  faunal  assemblage  dominated  by  the 
ostracod  genus  Cyprideis  (Pnggieri,  1967).  This 
genus  is  euryhaline,  and  may  constitute  a  signi¬ 
ficant  part  of  the  benthic  biomass  of  brackish 
water,  or  hypersaline  or  alkaline,  calcium-rich 
lagoons  and  inland  seas  or  lakes  (Benson,  1973). 
The  importance  of  Cyprideis  as  contributor  of 
the  fossil  record  of  the  Paratethys  during  the 
Pannonian  is  well  known  (Benson,  1972).  Biometri¬ 
cal  analysis  by  Wright  (in  Cita  et  al,  1978) 
could  demonstrate  that  the  rich  populations  are 
in  place,  since  different  instars  have  been 
found  to  co-occur  (Figure  5). 

A  capture  of  the  high  standing  lakes  of  the 
Paratethys  was  postulated  by  Cita  and  Ryan 
(1973)  on  the  basis  of  Leg  13  results  (Figure 
6)  and  strongly  supported  by  the  new  findings 
of  Leg  42  A. 

Figure  7  shows  the  distribution  in  Mediter¬ 
ranean  peripheral  basins  and  in  DSDP  drillsites 
of  ostracods  of  Paratethyan  affinity,  with  special 
reference  to  the  genus  Cyprideis.  and  depicts 
the  probable  immigration  routes  according  to 
Sisslngh  (1976).  It  also  shows  the  distribution 
of  the  mollusc  Congeria,  another  immigrant  frou 
the  Paratethys. 

The  "lago-mare"  biofacies  is  typical  of  the 
latest  Messinian  and  is  limited  to  it.  1  insist 
on  this  point,  which  is  important  in  order  to 
understand  the  response  of  the  open  ocean  to  the 
Mediterranean  salinity  crisis.  In  the  central 
Sicilian  basin  the  "lago-mare"  is  recorded  in 


Figure  2  -  Evaporitic  facies  indicative  of  subaqueous  conditions  recovered  during  Leg 
42A  of  the  Deep  Sea  Drilling  Project.  A  is  a  finely  laminated  ("balatino")  facies 
characterized  by  cyclically  repeated  alternances  of  gypsum  and  micritic  carbonate. 
Cyclothemes  are  interpreted  as  annual.  Site  372,  Core  8,  Section  2.  Balearic  Basin. 

B  is  clear  halite  associated  with  kainite  and  polyhalite.  Site  374,  Core  22,  Section 
3.  Ionian  Basin. 


the  marls  intercalated  in  between  the  gypsum 
layers  of  the  upper  evaporitic  series  ("Gessi 
di  Pasquasia"  in  Decima  and  Wezel,  1973),  see 
Figure  8.  In  the  Levantine  Basin  (DSDP  Sites 
375  and  376)  it  is  recorded  beneath  th5  Early 
Pliocene  oozes,  but  above  the  massive  evap<~ rites. 
In  a  locality  of  the  Crotone  basin  of  Calabria, 
southern  Italy  (Figure  9)  near  Zinga,  we  found 
marls  with  Cyprideis,  Ammonia  beccarii  tepida 
and  Limnocardium  immediately  overlying  a  40  cm 
thick  gypsiferous  sand  capping  outcropping  halite. 


This  finding  demonstrates  that  the  invasion  of  the 
Paratethyan  fauna  in  this  central  part  of  the 
Mediterranean  (location  12  of  Figure  7)  post¬ 
dated  the  salt  deposition. 

Seismic  reflection  profiles  across  the  major 
Mediterranean  basins  clearly  show  a  tripartition 
of  the  Messinian  age  evaporites,  with  a  lower 
layered  sequence  followed  by  the  thick  salt 
layer  ("couche  fluante")  and  by  the  upper  layered 
sequence  (see  Ryan,  HsU  et  al,  1973,  p.  136). 

The  "lago-mare"  biofacies  was  never  recorded  from 
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Figure  3  -  Evaporitic  facies  indicative  of  intertidal  (A,  D?)  and  supratidal  (B,  C) 
conditions.  A  is  a  banded  gypsum  with  wavy  laminations  suggestive  of  stromatolites, 
strongly  diagenized.  Site  132,  Core  27,  Section  2.  B  is  a  nodular  anhydrite  with 
"chickenwire"  structure,  interpreted  as  resulting  from  early  diagenesis  in  a  supra¬ 
tidal  environment  (tidal  flats).  Site  124,  Core  10,  Section  1.  C  is  a  banded  brown 
to  gray  anhydrite  with  vugs.  Site  374,  Core  21,  Section  1,  from  the  Messina  abyssal 
plain  of  the  Ionian  Sea. 
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Figure  -i  -  N'anr.ofossiis  from  -he  white  laminae  of  a  finely  laminated  sediment  re¬ 
covered  at  Sice  372,  Section  2  of  Core  },  ac  the  base  of  the  locally  truncated  evap- 
oricie  succession.  A  is  an  assemblage  of  fossil  (?)  fungi.  S  is  a  monospecific  as¬ 
semblage  of  Reticule fenestra  sp. 


the  marly  intercalations  of  the  pre-salt  evapo- 
rites  (see  Figure  8). 

Re-establishment  of  Open  Marine  Conditions  in 
the  Mediterranean 

The  ecologic  niches  at  the  bottom  of  endo- 
reic,  depressed  water  bodies  occupied  by  the 
Paratethyan  imigracts  were  destroyed  by  the 
invasion  of  Atlantic  water  masses  at  the  be¬ 
ginning  of  the  Pliocene  (see  Figure  6,  below).  A 
no real  marine,  steaohaiine,  deep-water  fauna 
was  re-introduced  into  the  Mediterranean 
(Hsil  et  al,  1973;  Cita  and  Ryan,  1573). 

The  Miocene/rliocene  boundary,  identified 
with  the  termination  of  the  salinity  crisis 
and  with  the  re-establishment  of  open  marine 
conditions  in  the  Mediterranean,  is  recorded 
with  dramatic  abruptness  in  the  deep-sea  re¬ 
cord  and  on  land  (Cita,  1973,  1976). 

Shallow  sills  separating  the  Western  trots 
the  Eastern  Mediterranean  resulted  in  narked 
differences  in  'cotton  current  activity,  the 
eastern  basins  being  less  well  ventilated  than  the 
western  basins  (see  Figure  6,  bottos).  The 
finding,  during  Leg  42A,  of  thick  organic- 
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rich  sapropels  of  earliest  Pliocene  age  (Snh- 
aeroidinellopsis  Actse-zone)  in  basinal  set¬ 
tings  (DSDP  Site  374,  Messina  aiyssal  Plain 
and  DSD?  Site  376,  Antalya  3asin  plain)  strongly 
support  the  assumption  of  high  standing 
barriers,  so  that  the  Eastern  Mediterranean 
became  periodically  stagnant  almost  intediately 
after  the  Pliocene  flooding. 

Phyletic  lineages  of  planktonic  foranini- 
fera  were  interrupted  in  the  Mediterranean 
by  the  Messinian  salinity  crisis  (Figure  10) . 

The  bloom  of  Globorotalia  rtargarltae  in  the 
Early  Pliocene,  and  its  great  morphological  vari¬ 
ability  are  interpreted  as  a  response  to  the 
lack  of  competitors  in  the  water  column,  since 
the  salinity  crisis  prevented  their  phyletic  evo¬ 
lution  in  the  Mediterranean  (Cita,  1976). 

Response  of  the  Open  Ocean  to  the 
Mediterranean  Salinity  Crisis 

So  far  I  touched  some  critical  paleoenvi- 
ronmental  aspects  of  the  salinity  crisis  in 
the  Mediterranean . 

Which  kind  of  response  in  the  open  ocean  can 
we  expect  from  the  subtraction  of  approximately 


Figure  5  -  Various  instars  of  Cyprideis  agngentina  Decima  recorded  in  Core  14  CC  of 
Site  376,  west  of  Cyprus.,  The  genus  Cyprideis  is  the  most  prominent  constituent  of 
the  "lago-mare"  biofacies  from  the  deep-sea  record. 
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Figure  6  -  Idealized  cross-sections  of  the  Mediterranean  during  the  late  Messinian 
dessication  (above)  and  immediately  after  the  re-establishment  of  open  marine 
connections  with  the  Atlantic  (below).  After  Cita  and  Ryan  (1973). 


one  million  cubic  kilometers  of  salt  (Ryan,  1973) 
in  less  than  one  million  years?  If  the  salt 
removal  is  not  accompanied  by  a  contemporary 
diminishment  of  biological  productivity,  one 
should  expect  a  brief  upward  excursion  of  the 
Calcite  Compensation  Depth,  an  expectation  which 
seems  to  be  supported  by  a  sudden  drop  in  carbo¬ 
nates  recorded  in  the  Godra  Ridge  of  the  North- 
Eastern  Pacific,  in  the  Cape  Verde  Basin  and  in 
the  Columbia  Basin,  as  well  as  by  a  considerable 
decrease  in  carbonate  content  in  the  equatorial 
Pacific,  all  these  episodes  being  calibrated  bio- 
stratigraphically  at  5  to  5.5  m.y.  approximately 
(Ryan  et  al,  1974). 

Other  climatically  induced  changes,  involving 
a  world-wide  recognizable  regression  (Adams  et 
al,  1977)  will  he  discussed  later. 

Importance  of  the  Cape  Bojador 
Record  (DSDP  Site  397) 

A  unique  opportunity  of  testing  our  models 
was  provided  by  the  continuously  cored  Section 
penetrated  off  Cape  Bojador,  at  DSDP  Site  397. 

In  an  upper  continental  rise  setting,  at  a  water 
depth  of  2900  m  (well  above  CCD),  we  recovered 
an  undisturbed,  monotonous  succession  of  hemi- 


pelagic  sediments  deposited  at  an  unusually  high 
sedimentation  rate  (Ryan,  von  Rad  et  al,  in 
press) . 

For  the  first  time  in  the  history  of  the  Deep 
Sea  Drilling  Project  we  had  the  opportunity  to 
work  out  paleomagnetic  stratigraphy  directly 
on  the  ship  (Hamilton,  in  press)  so  that  the  stra¬ 
tigraphic  progression  could  be  followed  step  by 
step  with  both  biologic  and  magnetic  techniques. 

The  biostratigraphic  and  paleomagnetic  cali¬ 
brations  for  the  interval  under  discussion  are 
presented  in  Figure  11.  The  lower  and  upper 
boundaries  of  the  Messinian  are  correlated  bio- 
stratigraphically  on  the  basis  of  calcareous 
nannofossils  (Mazzei  et  al,  in  press).  They 
fall  respectively  at  the  middle  of  Epoch  6 
(interpolated  age  6.2  m.y.)  and  at  the  top  of 
Epoch  5  (interpolated  age  5.2  m.y.). 

For  correlating  the  onset  of  evaporitic  con¬ 
ditions  in  the  Mediterranean  we  have  a  datum  plane 
(coiling  change  of  Globorotalia  acostaensis 
from  sinistral  to  dextral)  which  seems  highly  re¬ 
liable  and  has  been  calibrated  in  the  North  Atlan¬ 
tic  (DSDP  Site  397,  see  Salvatorini  and  Cita,  In 
press)  and  in  the  equatorial  Pacific  (Saitc  et 
al,  1975)  at  the  base  of  paleomagnetic  Epoch  5 
with  an  interpolated  age  of  approximately  5.8 
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"  Loca^i°"  maP  of  faunas  °f  Late  Messxman  age  with  definite  Paratethyan 
affinity,  compiled  from  various  sources,  essentially  after  Sissingh  (1976)  and 
Ar chimbaul t-Gue  zou  (1976).  Open  circles  and  lette-'  refer  to  ostracod  populations; 
K"  an^  nl umbers  refer  to  mollusks.  Narrows  indicate  the  inferred  patterns  followed 
by  Paratethyan  immigrants,  according  to  Sissingh. 
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Figure  8  -  Idealized  NE-SW  section  across  the 
central  Sicilian  Basin  (after  Decima  and  Wezel, 
1973).  1  ■  early  Messinian  marly  clays;  2  = 

whitish  marls;  3  =  Tripoli;  4  =  Calcare  di  Base; 

5  “  Cattolica  gypsum  bads;  6  =  gypsum  turbidites; 
7  *■  marly-anhydritic  basal  breccia;  8  a-d  = 
halite  and  potash  beds;  9  =  gypsum-arenites; 

10  =  Pasquasia  gypsum  beds;  11  =  Arenazzolo; 

12  =  Trubi  Formation. 


CITA  409 


m.y.  This  biostratigraphic  datum  has  been  re¬ 
corded  in  Sicily  in  the  Tripoli  diatomites 
(Stainforth  et  al,  1975)  which  immediately  under¬ 
lie  the  "Calcare  di  base"  materializing  the  first 
(earliest)  desiccation  phase. 

One  more  very  useful  biostratigraphic  horizon, 
also  calit rated  at  exactly  Che  same  paleomagnetic 
position  at  Site  397  in  the  North  Atlantic  and  in 
Core  RC  12-66  in  the  equatorial  Pacific  is  the 
first  evolutionary  appearance  of  Globorotalia 
margaritae  at  the  middle  of  Epoch  5,  with  an 
interpolated  age  of  5.5  m.y.  Unlike  the  Gacos- 
taensis  datum,  this  datum  is  not  recorded  in  the 
Mediterranean,  which  was  dry  at  that  time. 

Physical  measurements  carried  out  on  these 
cores,  insuring  a  data  point  every  approximate' y 
20,000  years,  show  a  disturbance  in  the  pelagic 
realm  (Figure  12).  The  parameters  considered 
from  left  to  right  are  (a)  sediment  fraction 
greater  than  200  microns,  that  is  to  say  abundance 
of  large-sized,  entire  tests  of  planktonic  fora- 
minifers  with  minor  bencnic  forms,  the  sediment 


fraction  being  essentially  biogjnic.  (b)  carbonate 
content  and  (c)  isotopic  ratio  l&0/^°0>  cal¬ 
culated  from  the  same  set  of  s"  (after  Cita 
and  Spezti  Bottiani,  in  press  ana  af cer  Schackle- 
ton  and  Cita,  in  press).  The  isotopic  curve 
has  a  higher  number  of  data  points,  additional 
measurements  having  been  made  in  order  to  clarify 
the  record. 

Cycles  have  amplitudes  comparable  to  those 
recorded  at  the  same  drillsite  for  the  late  Plei¬ 
stocene  (Brunhes  Epoch)  as  shown  in  the  lower 
part  of  the  figure,  but  are  off  in  scale.  As  in 
the  late  Pleistocene,  the  three  parameters  vary 
sympathetically. 

This  disturbance  is  considered  as  the  response 
of  the  open  ocean  to  the  Mediterranean  salinity 
crisis.  In  detail,  we  see  that  cycles  (two 
complete  cycles  are  visible,  with  durations  of 
the  order  of  100,000  years,  but  they  could  be 
more)  start  to  appear  in  Core  44,  after  the  first 
evolutionary  appearance  of  G.  margaritae,  that  is 
to  say  -  and  with  reference  to  the  paleomagnetic 


Figure  0  -  Upper  contact  of  outcropping  halite  formation  near  Zinga  (Calabria,  Italy) . 
A  rich  population  of  Molluscs,  ostracodes  and  foraminifera  of  Paratethyan  affinity 
is  present  immediately  above  the  salt. 
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In  the  latter  basin  the  destructive  effects  of  the  Messinian  salinity  crisis  inter¬ 
rupted  the  phylum.  Calibration  of  datum  planes  in  the  central  column  is  after  Ryan 
et  al  (1974) . 


calibration  -  approximately  half  way  through  the 
duration  of  the  salinity  crisis. 

Background  Discussion 

The  interpretation  of  these  parameters,  and 
of  the  variations  recorded  in  this  particular 
time-span,  require  some  background  explanation: 

(1)  Mediterranean-type  marginal  basins,  land¬ 
locked  and  subject  to  excess  evaporation,  are 
considered  the  principal  source  of  dense,  salty 
water  to  the  abyssal  circulation  (Rooth,  1978). 

The  disconnection  of  the  Mediterranean  from  the 
world  ocean  during  the  salinity  crisis  (HsU  et 
al,  1973)  deprived  the  North  Atlantic  of  its  main 
source  of  dense,  warm  deep  water.  The  expected 
consequences  of  this  paleogeographic  event  in¬ 
clude  (a)  cooling  of  deep  water  masses  in  the 
Atlantic  and  (b)  enhancement  of  the  North-South 
thermal  gradient  in  the  superficial  water  masses. 

(2)  Models  proposed  for  the  origin  of  Messinian 
age  evaporites  in  the  Mediterranean  include  a 
brine  reflux  model  (Selli,  1973;  Sonnenfeld,  1974; 
Bebenedetti,  1978)  and  a  multistep  model  with  an 
early  reflux  stage  (van  Couvering  et  al,  1976). 


However,  we  have  shown  that  desiccation,  involving 
complete  disconnection  from  the  open  ocean, 
occurred  right  from  the  beginning  of  the  salinity 
crisis  (see  Ryan  et  al,  1974;  Cita  et  al,  1978; 
Ryan  and  Cita,  1978)  because  (a)  evidence  of  sub¬ 
aerial  exposure  is  recorded  in  the  stratigraphi- 
cally  lowermost  evaporitic  rocks  (Schreiber,  1973) 
and  (b)  erosional  surfaces  recorded  on  the  Medi¬ 
terranean  basin  margins  and  extending  towards 
the  center  of  the  major  basins  are  developed 
beneath  the  main  salt  layer  (Ryan  and  Cita,  1978; 
-van,  1978). 

(3)  The  salt  extraction  in  the  Mediterranean  was 
very  rapid,  as  shown  by  the  occurrence  of  annual 
cycles  up  to  30  cm  thick  recorded  in  halite  from 
the  central  Sicilian  Basin  (Decima,  1978)  Geo¬ 
chemical  investigations  on  the  salts  recovered 
during  DSDP  Leg  42A  (McKenzie  and  Ricchiuto,  1978; 
Pierre  and  Pontes,  1978)  revealed  that  some  of 
these  salts  are  recycled  as  are  the  uppermost 
salts  of  the  central  Sicilian  Basin,  where  the 
bromine  content  is  minimal  (Decima,  1978).  These 
latest  salts  were  probably  deposited  when  the 
Mediterranean  was  completely  cut  off  from  the 
Atlantic,  and  exclusively  continental  conditions 
prevailed. 
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(4)  The  volume  of  the  Mediterranean  Evaporite, 
calculated  at  1  million  cubic  kilometers  (Ryan, 
1973)  (1)  lowered  the  salinity  of  the  world  ocean 


(1)  The  original  calculation  was  based  on 
seismic  reflection  profiles  with  great  penetra¬ 
tion  available  from  the  Western  Mediterranean 
(Ryan,  personal  communication  1978)  and  extrapo¬ 
lated  to  the  Eastern  Mediterranean.  This  esti¬ 
mate  was  fully  supported  by  independent  calcula¬ 
tions  on  seismic  profiles  different  from  those 
used  by  Ryan  (E.  Purdy,  personal  communication 
1975).  The  volume  of  one  million  cubic  kilometers 
concerns  only  evaporites  buried  beneath  the  abys¬ 
sal  plains  of  the  Mediterranean.  Evaporites  out¬ 
cropping  on  land  or  buried  in  the  subsurface  have 
not  been  included  in  the  calculations.  Therefore 
the  volume  of  salts  subtracted  from  the  world 
oceans  by  the  Mediterranean  salinity  crisis  is 
certainly  greater  than  1  x  10^  kmT 


by  6%.  This  decrease  in  salinity  should  have 
had  important  climatic  repercussions,  as  discus¬ 
sed  by  Ryan  et  al  (1974),  such  as  raising  the 
freezing  point  of  sea-water,  increasing  the  ex¬ 
tension  of  sea-ice,  increasing  the  albedc  of  the 
earth  and  thus  impeding  the  transfer  of  heat  into 
the  atmosphere  (Weyl,  1968).  This  effect  is 
similar  to  that  discussed  under  (1)  and  results 
in  climatic  deterioration. 

(5)  The  existence  of  a  Late  Miocene  cooling  phase 
in  the  Southern  hemisphere  has  been  recognized 
paleontologically  for  some  time  (Bandy,  1966). 

The  Xapitean  stage  of  New  Zealand  documents  a 
regression  at  that  time  (Kennett,  1967)  and 
drilling  in  the  Ross  Sea  with  the  GLOMAR 
CHALLENGER  in  1973  provided  new  supportive  data 
(Hayes,  Frakes  et  al,  1975).  A  definite  regres¬ 
sive  cycle  is  also  recorded  in  the  generalized 
curve  of  Vail  and  Mitchum  (1978),  and  corres¬ 
ponds  to  a  change  in  diapentic  potential  detected 
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Figure  11  Calibration  of  foraminiferal  and  nannofossil  datum  planes  recorded  at 
DSDP  Site  397  with  the  magnetic  reversals.  The  time-scale  in  the  middle  of  the 
figure  is  based  essentially  on  the  interpreted  paleomagnetic  stratigraphy.  It  allows 
dating,  with  a  certain  accuracy,  a  number  of  Mediterranean  events  whose  chronological 
succession  is  well  established  after  recent  studies  in  the  Mediterranean  area. 
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Figure  12  -  Variations  recorded  in  physical  parameters  in  Cores  40-48,  DSDP  Site  397. 
In  order  to  evaluate  the  amplitutde  of  cycles  recorded  in  the  latest  part  of  the 
Messinian,  late  Pleistocene  cycles  recorded  in  the  same  parameters,  at  the  same  drill- 
site,  are  plotted  in  the  lower  part  of  the  figure.  The  strong  diminishment  of  grain- 
size  (column  to  the  left)  is  accounted  to  incipient  diagenesis.  The  transition  be¬ 
tween  marl-ooze  and  marl-chalk  is  recorded  at  approximately  300  m  subbottom. 
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Figure  13  -  Correlation  of  the  physical  parameters  recorded  at  DSDP  Site  397  with 
Mediterranean  events,  as  discussed  in  the  text. 


in  the  equatorial  Pacific  deep-sea  record  ("b" 
reflector  of  Schlanger  and  Douglas,  1974). 

In  most  cases,  however,  the  Late  Miocene  re¬ 
gressive  phase  is  not  really  well  dated  (Adams 
et  al,  1977).  Among  the  best  dated  regressive 
phases  are  those  recorded  in  land  sections  fac¬ 
ing  the  Eastern  North  Atlantic:  in  the  Anda¬ 
lusian  stratotype  section  Berggren  and  Haq  (1976) 
documented  a  glacio-eustatically  induced  lower¬ 
ing  of  sea-level  estimated  at  50  m  approximately, 
whereas  in  the  Bou  Reg  Reg  section  of  Morocco 
Cita  and  Ryan  (in  press)  described  climatically 
modulated  cycles  post-dating  the  first  evolution¬ 
ary  appearance  of  Globorotalia  margaritae,  accom¬ 
panied  by  evidence  of  a  marked  cooling. 

Climatic  Interpretation 

Most  of  the  authors  involved  in  the  Messinian 
debate,  from  Bandy  (1973,  1975)  to  Nesteroff 
(1973),  see  also  Nesteroff  and  Glacon, (1977) , 
from  Sell!  (1973)  to  van  COuvering  et  al  (1976) 
noted  the  coincidence  of  the  Mediterranean 
salinity  crisis  and  acme  of  Antarctic  glaciation. 
A  glacio-eustatically  induced  lowering  of  sea- 
level  should  have  resulted  in  restriction  of  the 
Atlantic  portal  and  eventually  in  the  final  cut¬ 
off  of  the  Mediterranean.  Van  Couvering  et  al 
(1976)  used  the  expression  "temperate  tail  of 
the  polar  dog"  in  this  context. 

An  alternative  explanation  was  that  the  cut- 
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off  of  the  major  source  of  warm,  dense  water  to 
the  deep  ocean,  accompanied  by  the  subtraction 
of  1  million  cubic  kilometers  of  salts  (repre¬ 
senting  6 X  of  the  salinity  of  the  world  ocean)  in 
such  a  short  time  span  should  have  had  important 
climatic  repercussions,  as  discussed  previously 
under  (1)  and  (4).  According  to  this  latter  mo¬ 
del,  first  presented  by  Dreyfus  and  Ryan  at  the 
IGC  at  Montreal  (19721,  then  elaborated  by 
Ryan  (1973)  and  further  developed  by  Ryan  et  al 
(1974),  the  cause-to-effect  relationships  are 
exactly  the  opposite  of  that  supposed  by  the 
other  authors.  Paleomagnetic  calibrations  avail¬ 
able  in  1974  seemed  to  support  the  relative  tim¬ 
ing  of  the  two  events,  that  is  to  say  the  Medi¬ 
terranean  salinity  crisis  predated  the  final  gla¬ 
cial  expansion  in  Antarctica. 

Does  our  North  Atlantic  test-area  offer  the 
possibility  to  discriminate  between  the  two  al¬ 
ternatives? 

The  isotopic  curve  to  the  right  of  Figure  13 
clearly  shows  a  trend  towards  lighter  isotopic 
values  (warming  trend)  followed  upwards  by  a 
trend  towards  heavier  isotopic  valu  ss  (cooling 
trend).  The  turning  point  marking  the  climatic 
reversal  is  recorded  at  the  top  of  Core  46,  which 
correlates  with  the  beginning  of  the  rapid  salt 
extraction  in  the  Mediterranean.  If  our  correla¬ 
tions  are  correct,  models  which  attribute  the 
Mediterranean  salinity  crisis  (with  or  without 
dislocation)  to  glacio-eustatic  lowering  of  sea- 


level  induced  by  the  expansion  of  continental 
ice  in  Antarctic/1  (Sandy,  1973;  Nesteroff  and 
Glacon,  1977;  Sonnenfeld,  1974;  Selli,  1973) 
should  be  rejected.  Indeed,  no  cooling  trend  is 
detectable  in  Shackleton's  curve  prior  to  the 
middle  part  of  paleomagnetic  Epoch  5  characterized 
by  a  reversed  polarity,  which  means  over  one 
hundred  thousand  years  after  the  onset  of  evapo- 
ritic  conditions  in  the  Mediterranean. 

The  marked  cycles  indicated  by  short  arrows 
in  Figure  13  correlate  with  the  latest  part  of 
the  Messinian,  when  the  Eastern  Mediterranean 
endoreic,  depresses  alkali  lakes  (see  Figure  6 
above)  were  invaded  by  a  peculiar  shallow-water 
euryhaline  fauna  immigrated  from  the  Paratethys 
(Ruggieri,  1967;  Sissingh,  1975;  Cita  et  al,  1978). 
The  maximum  excursion  recorded  in  the  isotopic 
cycle  terminating  at  the  point  shown  by  the  open 
arrow  in  Figure  13,  a  cycle  which  is  well  con¬ 
trolled  with  six  dat-.  points,  is  of  such  a  magni¬ 
tude  (0.8%oas  to  represent  about  80m  sea-level 
equivalent  in  stored  ice,  following  Shackle ton 
and  Opdyke  (1977,  p.  218). 

A  climatic  message  seems  to  be  imprinted  also 
in  the  isotopic  signal  of  Carbon  (Figure  14, 
after  Schackleton  and  Cita,  in  press).  Though 
the  climatic  interpretation  of  Carbon  isotopes  is 
still  poorly  understood  (Cita  et  al,  1977;  Ver- 
gnaud-Grazzini  et  al,  1977;  Berger  et  al,  1978 
inter  alias)  and  the  recorded  changes  are  so 
small  as  to  be  strongly  influenced  by  errors  of 
measure,  it  seems  sufficiently  preyed,  at  least 
for  the  Late  Pleistocene,  that  isotopicall'  heavy 
values  correlate  with  periods  of  dryness,  ac- 
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Figure  14  -  Changes  in  the  Isotopic  composition 
of  Oxygen  (left)  and  of  Carbon  (right)  as  record¬ 
ed  by  Shackleton  through  Cores  40-50  of  DSDP 
Site  397,  based  on  measurements  carried  out  on 
monospecific  assemblages  of  large-sized  benthic 
foraminifera.  The  climatic  interpretation  is 
discussed  in  the  text. 


companied  by  a  diminishment  of  forestation,  where¬ 
as  isctopically  light  values  correlate  with  an 
increase  in  humidity. 

The  curve  represented  in  Figure  14  shows  iso- 
topically  heavy  values  (arid?  dry?)  ir.  the  ear¬ 
lier  part  of  the  salinity  crisis,  extending  up¬ 
wards  to  encompass  the  salt  extraction  stage. 

This  period  of  inferred  dryness  is  followed  up¬ 
wards  by  an  isotopically  lighter  period  (wet? 
humid?)  which  correlates  with  the  "lage-nare" 
stage.  The  recorded  isotopic  change  reaches  O.8P/00 
in  the  terminal  part  of  the  Mediterranean  salinity 
crisis,  see  Figure  14. 

A  discussion  of  the  Mediterranean  interactions 
is  now  required.  At  DSDP  Site  376  West  of  Cyprus, 
see  Figure  1,  where  coring  was  continuous  from  the 
sea-bottom,  we  recorded  the  Miocene/Pliocene  bound¬ 
ary  in  Core  6,  and  the  top  of  the  evaporites  in 
Core  15.  Evaporites  included  intertidal,  sub- 
tidal  and  supertidal  facies  with  definite  evidence 
of  subaerial  exposure,  whereas  the  overlying 
86.5m  thick  "lago-mare"  facies  sediments  were 
deposited  under  permanent  subaqueous  conditions. 

In  the  subsurface  of  the  Po  Plain  in  Northern 
Italy,  where  the  stratigraphic  control  is  provided 
by  hundreds  of  deep  wells  by  the  Italian  Oil 
Company  (Rizzini  and  Dondi,  1978)  in  the  depocen- 
ter  of  the  rapidly  subsiding  Apennine  foredeep, 
the  Late  Messinian  sediments,  deposited  under 
subaqueous  continental  conditions,  exceed  1  km 
in  thickness  (Cita  et  al,  in  press).  How  could 
these  endoreic  basins  permanently  keep  their  wa¬ 
ter  under  dry  climatic  conditions?  A  capture  of 
the  high  standing  Paratethyan  lakes  does  not  seem 
sufficient:  pluvial  conditions  are  required. 

The  termination  of  inferred  pluvial  climate 
occurs  at  the  top  of  Core  43  (see  Figure  14). 

Here  we  located  the  Miocene/Pliocene  boundary  by 
multiple  biostratigraphic  correlations  with  ref¬ 
erence  to  the  Miocene/Pliocene  stratotype  defined 
in  Sicily  (Cita,  1975)  at  the  base  of  the  Trubi 
Formation,  in  coincidence  with  the  re-establish¬ 
ment  of  open  marine  conditions  after  the  salinity 
crisis.  The  isotopic  change  recorded  in  the 
Carbon  signal  at  this  point  of  the  curve  (0.8°/Oo 
is  comparable  in  magnitude  to  the  0.7°/oo  change 
recorded  by  Berger  et  al  (1978)  at  the  transition 
from  the  Late  Glacial  (=  pluvial)  to  the  Holocene 

(-  arid)  off  NW  Africa. 

One  more  signal  which  is  here  interpreted  as 
a  response  to  a  Mediterranean  event  is  that  indi¬ 
cated  by  an  asterisk  in  Figure  13.  It  occurs  in 
the  earliest  part  of  the  Pliocene,  at  the  base  of 
the  Gilbert  Epoch,  in  Core  41.  It  is  a  short 
easily  detectable  cycle  and  of  the  same  sign  in 
che  three  parameters  considered  (grainsize, 
carbonate  content  and  isotopic  ratio  of  Oxygen) . 
This  cycle,  suggestive  of  a  short  duration 
"cooling”  of  the  North  Atlantic,  correlates  with 
the  Sphacroidineliopsis  Acme-zone  of  the  Mediter¬ 
ranean  (Cita,  1973),  where  the  highest  carbonate 
concents  of  the  entire  Early  Pliocene  are  re¬ 
corded  (Figure  15). 

The  Sphaeroidinellopsis  Acme-zone  represents 
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Figure  15  -  Correlation  of  carbonate  curves  obtained  in  several  Mediterranean  strati¬ 
graphic  sections  straddling  the  Miocene/Pliocene  boundary.  Definite  carbonate  peaks 
are  recorded  in  all  the  sections  in  the  basal  Pliocene,  Sphaeroidinellopsis  Acme-zone 
(shaded  area) . 


the  sedimentary  expression  of  the  final  flooding 
of  the  Mediterranean  basins  by  deep  aad  cold 
Atlantic  water  masses.  Vertical  mixing  was  so 
strong  as  to  result  in  an  almost  identical  iso¬ 
topic  composition  recorded  in  benthic  and  plank¬ 
tonic  foraminifers  at  DSDP  Site  132  (van  Donk 
et  al,  1973). 

The  Mediterranean  (essentially  the  Western  Med¬ 
iterranean  Basin)  had  a  deep  communication  with 
the  North  Atlantic  in  the  Early  Pliocene  (Figure 
6,  above)  unlike  in  later  times.  The  communica¬ 
tion  was  sufficiently  deep  as  to  permit  the  re- 
immigration  of  psychrosphaeric  ostracods  (Benson, 
1973).  Consequently,  the  Mediterranean  could 
not  be  considered  at  that  time  as  the  principal 
source  of  dense,  salty  water  to  the  Atlantic 
Ocean  (Rooth,  1978). 

The  short  duration  cycle  discussed  above  could 
be  the  physically  detectable  response  of  the  North 
Atlantic  to  the  re-establishment  of  a  permanent, 
deep-water  connection  with  the  Mediterranean 
after  ..cs  isolation. 

Concluding  Remarks 

As  a  conclusion  of  this  discussion,  it  appears 
quite  clearly  that  the  salinity  crisis  suffered 


by  the  Mediterranean  at  the  end  of  the  Miocene 
has  a  physically  detectable  response  in  the  open 
ocean. 

We  should  look  in  the  open  ocean  record  for 
similar  signals  in  response  to  salt  extraction 
in  Mediterranean-type  satellite  basins  or  margi¬ 
nal  seas  in  different  parts  of  the  geologic 
column. 
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SEDIMENTARY  ORIGIN  OF  NORTH  ATLANTIC  CRETACEOUS  PALYNOFACIES 
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Abstract.  Carbonaceous  particles  of  terres¬ 
trial  and  marine  origin  are  used  to  define  four 
sedimentary  palynofacies  in  Cretaceous  sections 
cored  in  the  North  Atlantic.  The  exinitic  facies 
contains  sporomorph  assemblages  and  structured 
palynodebris  compositionally  close  to  those  in 
coeval  fluviodeltaic  sediments  on  continents  bor¬ 
dering  the  North  Atlantic,  and  it  is  concluded 
that  they  were  deposited  by  turbidity  currents 
near  a  deltaic  source.  The  tracheal  facies  is  of 
similar  origin,  except  that  marine  currents  sorted 
sporomorph  species  and  admixed  dinoflagellates 
prior  to  deposition.  Both  the  xenomorphic  and 
micrinitic  facies  contain  dinoflagellates, 
bisaccate  pollen,  Classopollis  and  abundant  amor¬ 
phous  palynodebris.  Xenomorphic  palynodebris  is 
unknown  palynologically,  but  is  associated  with 
pelagic  lithology.  Micrinitic  palynodebris  is 
considered  to  be  the  carbonized  (fusinized?)  woody 
tissue  of  land  plants  which  were  carried  into 
offshore  areas  of  the  Cretaceous  North  Atlantic. 
The  micrinitic  facies  in  black  shales  reflects 
the  much  diminished  supply  of  terrigenous  organic 
detritus,  most  of  which  is  micrinitic  palyno¬ 
debris. 

The  stratigraphic  distribution  of  palynofacies 
is  compared  with  published  organic  carbon  data. 
Higher  carbon  percentages  are  associated  with  the 
exinitic  and  tracheal  facies,  which  indicates 
that  the  increased  carbon  content  was  derived 
from  land  plants  during  episodes  of  increased 
deltaic  activity.  The  occurrence  of  dinoflagel¬ 
lates  in  the  latter  palynofacies  requires  the 
admixture  of  marine  carbon,  however.  The  darker 
color  of  the  black  shales  may  be  due  to  the  nature 
of  the  micrinitic  palynodebris  rather  than  total 
carbon  content  alone. 

Evidence  is  presented  for  episodes  of  increased 
deltaic  activity  during  the  Valanginian, 
Barremian-carly  Aptian,  and  late  Aptian/early 
Albian. 

Introduction 

Detrital  carl  naceous  particles  are  common  in 
sections  of  Early  Cretaceous-Cenomanian  age 
drilled  in  the  North  Atlantic  by  the  Deep  Sea 
Drilling  Project.  They  include  the  fragmented 


and  dispersed  materials  of  land  plants,  organic- 
walled  cysts  produced  by  marine  microflora,  and 
amorphous  particles.  Palynologlcal  study  of  the 
section  recovered  at  D.S.D.P.  site  398,  located 
near  the  eastern  margin  of  the  North  Atlantic 
(Figure  1),  showed  that  it  differed  from  that  re¬ 
ported  from  sections  in  the  western  North  Atlantic 
(Habib,  in  press).  The  purpose  of  this  study  is 
to  re-examine  two  sections  drilled  near  the 
western  margin,  at  D.S.D.P.  sites  105  and  391,  so 
that  the  distribution  of  palynomorphs  and  palyno¬ 
debris  at  the  three  sites  can  be  explained  in 
terms  of  sedimentary  processes. 

Stratigraphy 

Site  398  was  drilled  in  the  Galicia  Region  ad¬ 
jacent  to  the  Iberian  Peninsula,  just  south  of 
Vigo  Seamount.  The  investigated  section  is  795 
meters  thick  and,  on  the  basis  of  Foraminifera 
(Sigal,  in  press)  and  nannofossils  (Blechschmidt, 
in  press),  ranges  in  age  from  late  Hauterivian  to 
Cenomanian.  According  to  Ryan,  Sibuet,  et  al.,  (in 
press)  limestones  were  deposited  during  the 
Hauterivian  on  a  seafloor  of  moderate  depth,  onto 
which  there  were  periodic  contributions  of  terri¬ 
genous  mud  and  carbonaceous  debris.  Sedimentation 
rates  of  approximately  10  meters/million  years 
are  consistent  with  the  pelagic  setting  of  ‘■.his 
environment.  Turbiditic  mudstones,  siltstones, 
and  sandstones  were  deposited  during  the 
Barremian-early  Aptian  in  response  to  prodeltaic 
or  submarine  fan  processes.  The  decrease  in 
grain  size  of  terrigenous  sediment  above  the  tur- 
bidite  sequence  reflects  the  waning  of  turbidity 
current  activity  during  the  late  Aptian.  Sedi¬ 
mentation  rates  for  the  Barremian-Aptian  interval 
are  estimated  on  the  order  of  100  meters/million 
years  (Ryan,  Sibuet  et  al.,  in  press).  They  were 
still  high  during  the  early  and  earlier  middle 
Albian  when  dark  laminated  shales  were  deposited, 
which  may  represent  cycles  of  turbiditic  sedi¬ 
mentation.  In  the  middle  Albian  and  Cenomanian 
the  proportion  of  terrigenous  clay  and  silt  de¬ 
creased  so  that  by  late  Albian  calcareous  sedi¬ 
ments  were  predominant  and  the  rate  of  sedimenta¬ 
tion  was  reduced  to  approximately  15.5  meters/ 
million  years. 
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FIGURE  I  -  GEOGRAPHIC  LOCATIONS  OF 
SITES  105,  391,  AND  398. 


The  sedimentary  history  of  the  western  North 
Atlantic  sections  differs  from  that  described  for 
site  398.  In  these  sections,  dated  on  the  basis 
jf  dinoflagellate  stratigraphy,  middle  Cretaceous 
black  shales  overlie  Neoccmian  nannofossil  lime¬ 
stones;  evidence  of  the  large  scale  and  rapid 
sedimentation  found  at  site  398  is  lacking.  Site 


391  was  drilled  in  the  Blake-Bahama  Basin  (Figure 
1).  The  investigated  part  of  the  section  is  579 
meters  thick  and  ranges  in  age  from  Berriasian  to 
late  Albian.  According  to  Benson,  Sheridan,  et 
al.,  (1978)  Berriasian  and  early  Valanginian 
bioturbated  calcilutites  and  clays  were  deposited; 
on  a  well-oxygenated  seafloor.  Later  in  the  Neo-: 
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conian,  calcareous  sediments  act _ dated  which 

included  black  clay  laminites  suggesting  a 
periodicity  in  terrigenous  sedimentation.  In  the 
Barreaian-early  Aptian  interval  thin,  black, 
cross-laminated,  terrigenous  turbidites  were  de¬ 
posited  along  with  turbiditic  limestones  contain¬ 
ing  eoliths  derived  from  a  carbonate  shelf. 
Nannofossils  were  deposited  through  the  late 
Aptian-early  Albian  in  calcareous  claystones. 

These  dark  gray  to  black  sediments  indicate  the 
increase  of  turbidity  current  deposition,  and  in¬ 
clude  thin  intervals  of  cross-laminated  mudstones. 
The  calcareous  claystone  interval  is  transitional 
from  the  older,  primarily  calcareous,  sediments  to 
the  Albian  tine  of  blackish  claystones  which  lack 
carbonates. 

Average  sedimentation  rates  for  the  Berriasian- 
Albian  sequence  at  site  391  are  estimated  to  range 
from  28  neters/miilion  years  in  the  Neoccmian  to 
11  ntters/nillion  years  in  the  middle  Cretaceous 
(Benson,  Sheridan,  et  al.,  1978). 

Site  105  was  drilled  in  the  Lower  Continental 
Rise  hills  at  their  margin  with  the  Hatteras 
Abyssal  Plains  (Hollister,  Ewing,  et  al.,  1972). 
The  investigated  section  is  245  meters  thick, 
which  is  less  than  half  as  thick  as  that  at  site 
391,  and  ranges  in  age  from  Berriasian  to  Cenoman¬ 
ian.  Middle  Cretaceous  black  shales  grade  abrupt¬ 
ly  to  Neocomian  clayey  limestones  (Lancelot  et 
al.,  1972).  The  sedimentary  history  of  section 


105  is  essentially  the  same  as  that  of  eectJon 
391C.  Bioturbated  white  limestones  were  deposited 
on  a  well-oxygenated  seafloor  during  the 
Berriasian  and  Valanginian.  Organic-rich  clay 
laminae  alternated  with  limestones  and  became 
progressively  more  frequent  through  the  Early 
Cretaceous,  during  which  the  periodicity  of  these 
deposits  became  well-defined.  During  the 
Barremian-early  Albiar.  (Odontochitina  opercuiata 
Zone  of  Figure  2) ,  the  carbonaceous  layers  became 
core  abundant  and  graded  through  a  sharp  transi¬ 
tion  zone  (Lancelot  et  al.,  1972)  to  black  shales 
of  Albian  and  Cenomanian  age.  Sediments  accucu- 
lated  at  rates  ranging  from  8  meters/million  years 
in  the  h'eocoaian  to  5  meters/million  years  in  the 
middle  Cretaceous. 

Palynology 

The  palynology  of  sections  cored  at  six  sires  ir. 
the  western  N'orth  Atlantic  was  studied  previously 
to  correlate  palynostratigraphic  zonations  ef 
Early  Cretaceous-Cenoaanian  age  (Habib,  1377). 

The  zonations  are  illustrated  on  Figure  2,  and 
were  used  to  date  the  sections  from  sites  391  ar.c 
105  (Figures  4  and  5), 

Dinoflagellate  cysts  ars  numerous  and  diverse 
through  cost  of  the  sections  in  the  western  Sorth 
Atlantic.  Sporomorphs  are  equally  abundant,  and 
even  more  so  in  some  samples,  but  are  not  as  di¬ 
versified.  Rather,  the  coniferous  pollen 
Classopollis,  Plnuspollenites.  and  Alisporites  are 
dominant  through  most  of  each  section.  In  con¬ 
trast,  the  section  at  site  398  contains  a  rich  ar.d 
diversified  sporooorph  flora,  inc  .uding  many 
species  of  fern  and  other  pteridop'nyte  spores  in 
addition  to  coniferous  pollen,  and  generally  few 
dinoflagellates.  However,  dinoflagellates  are 
abundant  in  samples  of.  late  Hauterivian  age  in 
section  398D  (Figure  3) .  In  the  Alblan-Cemomaniac 
part  of  the  section,  dinoflagellates  occur  in  a 
number  of  species.  Each  species  is  represented 
by  only  a  lew  specimens,  however. 

Description  of  Palynof acles .  Onu  hundred  and 
forty-rwo  samples  were  macerated.  Each  sample 
was  treated  with  hydrochloric  and  hydrofluoric 
acidu  to  remove  the  mineral  sediment,  and  subse¬ 
quently  with  nitric  acid  to  partially  oxidize  the 
organic  natter.  The  residue  was  treated  so  that 
the  number  of  specimens  per  gram  of  sediment  was 
calculated  (Habib,  in  press).  The  darker-colored 
lithologies  were  macerated  for  the  most  part. 

These  included  the  block  laminated  layers  in  the 
Keocomian-Aptian  nannofossil  limestones,  the 
Albifn-Cenomanian  black  shales,  and  the  turbiditic 
sequence  at  site  398. 

The  organic  contents  were  examined  to  de term ire 
the  stratigraphic  variation  of  their  constituent 
particles.  These  included  the  spores  and  pollen 
grains  (sporomorphs)  and  cuticles  and  tracheids 
(structured  palynodebris)  of  land  plants,  the 
dinoflagellate  cysts  and  small  acritarchs  repre¬ 
senting  marine  organic-walled  phytoplankton,  and 
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amorphous  organic  particles  (amorphous  palyno¬ 
debris).  Amorphous  palynodebris  is  usually  the 
most  abundant  organic  constituent  in  the  samples 
where  it  occurs. 

Figures  3-5  show  the  stratigraphic  distributions 
of  all  palynomorphs  (sporomorphs  +  phytoplankton) , 
sporomorphs,  and  structured  palynodebris  on  the 
basis  of  specimens  per  gram  of  dried  sediment 
calculated  for  each  sample.  These  profiles  are 
compared  with  the  percentage. of  phytoplankton 
determined  from  the  total  palynomorphs,  and  the 
weight  percentage  of  organic  carbon.  The  organic 
carbon  profiles  were  derived  from  data  contained 
in  the  Initial  Reports  volumes  published  for  sites 
105,  391,  and  398.  Where  there  were  a  number  of 
samples  analyzed  from  a  single  core,  the  two  high¬ 
est  values  were  averaged  and  plotted. 

The  discrete  particles  comprising  the  organic 
residues  are  not  randomly  distributed  in  the  in¬ 
vestigated  sections  but  rather  are  distributed  in 
assemblages  forming  palynofacies  (Combaz,  1964), 
which  were  deposited  by  marine  currents  (cf. 

Manum,  1976).  Four  such  palynofacies  are  dis¬ 
tinguished.  These  are  named  exinitic,  tracheal, 
micrinitic,  and  xenomorphic. 

The  exinitic  facies  is  defined  by  the  abundance 
and  diversity  of  sporomorphs  and  structured 
palynodebris  in  the  sediments,  and  the  absence  or 
extreme  paucity  of  marine  phytoplankton  (Plate  1, 
Figures  1,3,6).  There  are  many  sporomorph 
species  in  the  assemblages,  which  are  character¬ 
ized  by  striate  schizaeaceous  spores  and  other 
relatively  large  and  well-ornamented  pteridophyte 
species  (Plate  2,  Figures  1-4,  6,7,9).  Plant 
cuticles  and  tracheids  are  also  diverse  and,  to¬ 
gether  with  the  sporomorphs,  are  well-preserved. 

The  tracheal  facies  is  similar  to  the  exinitic 
facies,  insofar  as  both  contain  numerous  sporo¬ 
morphs  and  structured  palynodebris  (Plate  1, 
Figures  7-8) .  The  palynomorph  assemblages  of  the 
tracheal  facies  differ  in  two  important  respects, 
however. 

First,  the  marine  phytoplankton  are  always 
well-represented.  They  never  comprise  less  thr., 
16%  of  the  palynomorphs,  and  reach  as  high,  in 
one  sample  from  site  105,  as  60%.  Second,  al¬ 
though  sporomorphs  are  almost  always  more  abundant 
than  phytoplankton  they  are  dominated  by 
relatively  few  species,  principally  Classopollis 
torogus  Reissinger  and  bisaccates  in  Plnuspollen- 
ites  and  Alisporites.  The  larger  and  well-orna¬ 
mented  pteridophyte  spores  characteristic  of  the 
exinitic  facies  are  very  rare  or  absent. 

The  xenomorphic  facies  is  characterized  by  the 
abundance  of  amorphous  palynodebris  with  neither 
visible  internal  structure  nor  consistent  external 
form,  but  which  is  optically  translucent  and  which 
stains  in  red  safranin  solution.  Two  kinds  of 
xenomorphic  debris  occur  in  the  samples;  globular 
particles  of  which  most  are  larger  than  50  microns 
in  diameter  and  which  occur  typically  in  the 
Cenomanian  black  shales  at  sites  105  and  398 
(Plate  1,  Figure  4),  and  smaller  (less  than  15 
microns)  particles  with  an  irregular  shredded 


appearance  and  which  are  typical  of  the  clays 
within  the  N’eocomian  nannofossil  limestones 
(Plate  1,  Figure  5).  The  number  of  palynomorphs 
per  gram  of  sediment  is  variable.  The  palynomorph 
assemblages  are  dominated  by  dinoflagellates, 
small  acritarchs,  Classopollis  and  the  bisaccate 
genera  Pinuspollenites  and  Alisporites  (Plate  2, 
Figures  5  and  8) .  The  xenomorphic  facies  is 
similar  to  the  tracheal  facies,  especially  in 
those  samples  where  palynomorphs  are  abundant.  It 
differs  by  its  lack  of  structured  palynodebris  and 
by  its  abundance  of  amorphous  (xenomorphic) 
palynodebris.  It  differs  from  the  exinitic  facies 
by  its  lack  of  a  diverse  sporomorph  flora,  occur¬ 
rence  in  all  the  samples  of  relatively  high  per¬ 
centages  of  marine  phytoplankton,  absence  of 
structured  palynodebris,  and  abundance  of  xeno¬ 
morphic  palynodebris. 

The  micrinitic  facies  i3  defined  by  the  over¬ 
whelming  abundance  of  amorphous  palynodebris 
(Plate  1,  Figure  2)  and  meager  palynomorph 
assemblages  dominated  by  Classopollis  and/or 
species  of  bisaccate  pollen.  The  principal 
characteristic  of  this  facies  is  the  occurrence  of 
numerous,  relatively  small,  apparently  structure¬ 
less,  black  or  dark  brown,  opaque  or  semi-opaque 
particles  without  consistent  external  form  but  of 
which  some  at  least  have  a  polygonal  outline  with 
sharp  corners.  The  palynofacies  is  otherwise 
similar  to  those  samples  of  the  xenomorphic  facies 
containing  few  palynomorphs. 

The  micrinitic  facies  differs  from  the  three 
other  palynofacies  in  another  respect.  Palyno¬ 
morphs  are  fairly  well-preserved  in  the  exinitic, 
tracheal,  and  xenomorphic  facies.  In  the  micrin¬ 
itic  facies,  there  is  almost  always  a  portion  of 
each  palynomorph  assemblage  consisting  of  badly 
corroded  or  othen  se  poorly  preserved  specimens. 
Samples  contain!  .g  the  micrinitic  facies  can  usu¬ 
ally  be  recognized  when  they  are  being  prepared 
for  examination  with  the  microscope  because  of  the 
dark  color  the  micrinitic  palynodebris  imparts  on 
the  glass  microscope  slides. 

Section  398D 

Section  398D  is  characterized  by  major  fluctua¬ 
tions  in  the  abundance  of  palynomorphs,  most  of 
which  are  the  pollen  grains  and  spores  of  land 
plants  (Figure  3).  In  the  highly  palynifercus 
samples,  palynomorphs  are  represented  almost  ex¬ 
clusively  by  numerous  specimens  and  species  of 
sporomorphs.  It  is  only  in  those  samples  where 
palynomorphs  are  fewest  that  there  are  high  rela¬ 
tive  percentages  of  dinoflagellate  cysts  and  small 
acritarchs.  Sporomorphs  are  abundant  within  paly- 
nostratigraphic  units  I  (xenomorphic  facies),  and 
II  and  IV  (exinitic  facies) .  They  are  relatively 
few  in  the  micrinitic  facies  of  unit  VI  and  the 
xenomorphic  facies  of  unit  VII.  The  exinitic  and 
micrinitic  facies  form  recurrent  palynostrati- 
graphic  sequences  in  the  interval  dated  as 
Barremian-middle  Albian.  The  first  exlnitic- 
micrinitic  cycle  is  represented  in  units  II  and 
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Plate  1.  Palynofac.ies.  Exinitic  facies.  Figure  1,  schizaeaceous  fern  spore  and  tracheid  with  bordered 
pits,  figure  3,  tracheid.  Figure  6,  plant  cuticle.  Micrinitic  facies.  Figure  2,  black  angular, 
amorphous  palynodebri  .  Carbonized  tracheid  (?)  in  lower  right  corner.  Xenoaorphic  facies.  Figure  4, 
globular  amorphjus  palynodebris.  Figure  5,  shredded  amorphous  palynodebris.  Tracheal  facies.  Figure  7 
tracheids  and  specimen  of  sporomorph  genus  Classopollis.  Figure  8,  numerous  tracheids. 
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Ill  of  Barremian-Aptlan  age,  and  is  followed  by 
the  second  cycle  in  units  IV  and  V  of  early 
Albian-siddle  Albian  age.  In  units  Vi  and  VII  of 
late  Albian-Cenomanian  age,  palynomorphs  are  very 
few,  and  the  assemblages  are  composed  of  between 
68%  and  100%  phytoplankton  regardless  of  the  type 
of  amorphous  palynodebris.  The  xenomorphic  facies 
of  the  late  Hauterivian  unit  I  is  unique  for 
section  398D,  as  it  contains  an  abundant 
Classopollis-  bisaccates  sporomorph  flora  as  well 
as  a  diverse  and  abundant  dinoflagellate  flora. 

The  xenomorphic  facies  in  section  398D  is 
characterized  by  the  abundance  of  xenomorphic 
palynodebris  of  two  types.  The  lower  part  of  unit 
I  contains  an  abundance  of  relatively  small  (15 
microns),  shredded,  xenomorphic  palynodebris  and 
abundant  palynomorphs .  Palynoaorphs  vary  between 
3,586  and  34,943  specimens /gram  and  are  dominated 
by  Classopollis  toroaus,  Allsporltes  bllateralis 
Rouse,  and  species  of  Plnuspollenites ,  which  to¬ 
gether  comprise  between  67%  and  74%  of  the 
assemblages.  The  assemblages  also  contain  a  num¬ 
ber  of  dinoflagellate  species,  small  acritarchs, 
and  other,  smaller,  sporomorpfcs  occurring  in  minor 
percentages  throughout  the  section,  such  as 
Cyathldites  minor  Couper,  Exeslpollenites  tumulus 
Balme,  Ginkgocyadophytus  nltldus  (Balme), 
Ephedripltes  aulticoatatus  (3renner) ,  and 
Eucoamiidites  minor  Groot  and  Penny,  for  example. 
The  xenomorphic  facies  of  the  upper  part  of  unit  I 
and  of  unit  VIZ  differs  in  the  overwhelming  abun¬ 
dance  of  the  larger,  globular  appearing,  xenomor- 
phic  palynodebris  apd  the  paucity  of  palynomorphs. 
Palynoaorphs  vary  from  0  (none  observed)  to  153 
specisens/gram  in  the  upper  part  of  unit  I,  of 
which  all  are  small  acritarchs.  Palynomorphs  are 
very  few  in  unit  VII  as  well,  averaging  764  speci¬ 
mens/gram,  and  composed  mostly  of  phytoplankton 
which  range  between  68%  and  100%. 

The  bulk  of  section  396D  is  composed  of  the 
exinitic  and  micrinitic  facies  (Figure  3) .  The 
exlnitic  facies  is  represented  in  units  II  and  IV. 
Unit  II  contains  the  greatest  number  of  sporo- 
morphs,  sporomorph  species,  and  structured  palyno¬ 
debris  in  the  section.  An  average  of  48,  636 
sporomorphs/gram  was  calculated  for  this  Interval, 
with  a  maximum  number  of  88,485/gram.  Tracheids 
and  cuticles  vary  between  945  and  9,625  specimens/ 
gram  but  average  as  high  as  6,100.  The  assem¬ 
blages  contain  Classopollis  and  bisaccates,  which 
range  between  26%  and  43%,  but  are  distinguished 
by  a  large  number  of  sporomorph  species  of 
pteridophyte  spores.  Between  39  and  50  sporo¬ 
morph  species  were  found  in  the  samples,  including 
as  examples  Densoisporites  microrugulatus  Brenner, 
Trllobosporites  marylandensis  Brenner, 
Elctyophyllidites  equiexinus  (Couper) , 
Concavisslmisporites  punctatus  (Delcourt  and 
Sprumout) ,  Piloslsporites  trichopapllloaua 
(Thiergart) ,  and  Converrucoslsporltes  exqulsitus 
Singh,  as  well  as  species  of  Murospora, 

Aequitr iradltes ,  Neoralstrickia,  Foveotriletes, 
and  Mlcrcreticulatisporites  among  others,  which 


the  exinitic  facies.  As  an  example,  the  striated 
schizaeaceous  fern  spores  Cicatrlcoslsporites . 
Costatoperforosporltes,  and  Appendlcisporltcs 
alone  account  for  an  average  of  28%  of  all  sporo¬ 
morph  species  in  the  samples. 

In  addition  to  the  abundance  and  diversity  of 
sporomorphs  and  structured  palynodebris,  there  is 
also  the  increased  occurrence  of  fungal  spores, 
multicellular  fossils  of  possible  algal  origin, 
and  tetrads  of  Classopollis  and  Leptolepidites. 
Marine  phytoplankton  are  virtually  absent  in  this 
interval;  a  single  specimen  of  Druggidium 
deflandrel  (Millioud)  was  recorded. 

Within  unit  II  there  are  several  samples  con¬ 
taining  xenomorphic  palynodebris.  Several  samples 
contain  abundant  amorphous  palynodebris  and  no 
palynomorphs. 

The  exinitic  facies  of  unit  IV  is  essentially 
the  same  as  that  of  unit  II,  except  that  the  total 
number  of  specimens/gram  is  somewhat  less,  and 
there  is  an  interval  within  the  unit  characterized 
by  the  micrinitic  facies.  For  example,  sporo¬ 
morphs  average  27,449  per  gram,  and  reach  a  high 
of  58,990.  Pteridophyte  spores  and  structured 
palynodebris  are  still  important  elements  in  the 
assemblages,  and  marine  phytoplankton  are  vir¬ 
tually  absent. 

The  micrinitic  facies  is  distributed  through 
units  III,  V,  and  VI.  Micrinitic  palynodebris  is 
the  single-most  abundant  organic  constituent  of 
the  three  intervals.  Palynomorphs  are  relatively 
few  in  the  samples,  averaging  1803  per  gran  in 
unit  III,  7050  in  unit  V,  and  505  in  unit  VI.  For 
the  majority  of  samples,  palynomorphs  are  fewer 
than  1,000  specimens  per  gram.  However,  in  one 
sample  the  number  of  24,900  specimens  per  gram  was 
calculated.  The  assemblages  are  characterized  by 
higher  percentages  of  phytoplankton  and  a  sporo¬ 
morph  flora  dominated  by  Classopollis  and 
bisaccate  pollen.  Other  sporomorphs  include 
species  of  Cyathldites,  Ginkgocycadophy tus , 
Eucounildltes,  Exeslpollenites,  and  others  dis¬ 
tributed  sporadically  through  the  section  and,  in 
units  V  and  VI,  minor  amounts  of  triaperturate 
angiosperm  pollen.  In  those  samples  where  palyno¬ 
morphs  are  more  frequent,  there  is  a  larger  pro¬ 
portion  of  sporomorphs;  where  they  are  the  fewest, 
phytoplankton  predominate.  The  micrinitic  facies 
characterizrs  both  of  the  stratigraphically  con¬ 
tiguous  uni: s  V  and  VI.  They  are  separated  on 
the  basis  of  the  greater  numerical  occurrence  of 
sporomorphs  in  the  lower  unit.  Sporomorphs  are 
extremely  rare  in  unit  VI,  where  phytoplankton 
form  between  67%  and  100%  of  the  very  few  palyno¬ 
morphs  present,  and  average  89%. 

Sections  391C  and  105 

The  palynostratigraphy  of  sections  391C  and  105 
are  similar  with  respect  to  the  sequence  of  paly- 
ncfacles  (Figures  4  and  5).  Both  show  an  alter¬ 
nation  of  xenomorphic  and  tracheal  facies  in  the 
lower  part,  an  interval  above  where  the  tracheal 
facies  is  especially  well-represented,  and  an 
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Plate  2,  Sgoronorghs.  Lower  vascular  plant  spores  characteristic  of  exinitic  facies.  Figures  1,  2, 
4,  6,  spores  attributed  to  fern  family  Schizaeaceae.  Figure  3,  fern  spore.  Figures  7  and  9,  spores 
attributed  to  the  club  mosses  (Microphyllophyta) .  Follen  grains  representative  of  the  xenoacrphic, 
aicrinitic,  and  tracheal  facies.  Figure  5,  specimen  of  Classopollis.  Figure  8,  bisacr.ate  pollen  genus 
Pinuspollenites. 
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overlying  sicrinitic  interval.  Section  105 
differs  in  that  it  contains  an  additional  younger 
interval  (Deflandrea  echinoidea  and  Tr lthyrod lnlufi 
suspect ns  zones)  characterized  by  the  xenomorphic 
facies.  3oth  sections  also  show  major  fluctua¬ 
tions  in  the  abundance  of  palynomorphs,  which  is 
similar  to  that  of  section  398D.  The  western 
North  Atlantic  sites  differ  from  site  398  marked¬ 
ly,  however,  in  two  important  respects.  First, 
they  virtually  lack  the  abundance  and  diversity 
of  the  larger  and  well-ornamented  pteridophyte 
spores  which  characterize  the  exinitic  facies  of 
section  398D.  Although  there  are  intervals,  e.g., 
tracheal  facies,  containing  abundant  sporomorphs 
and  structural  palynodebris  in  parts  of  these 
sections,  two  parameters  which  correlate  it  with 
the  exinitic  facies  of  section  398D,  the  sporo- 
morph  dominance  is  cau sec  by  increased  numbers  of 
Claasopollis  and  bisacc&te  pollen  rather  than  by 
the  pteridophyte  spores.  Consequently,  there  are 
fewer  sporomorph  species  in  the  tracheal  facies, 
approximately  one-half  the  number  occurring  in 
the  exinitic  facies.  Second,  in  contrast  to  the 
palynology  of  site  393,  marine  phytoplankton  are 
well-represented  in  all  samples  at  sites  391  and 
105.  In  most  samples,  they  comprise  between  40% 
and  100%  of  the  palynomorph  assemblages,  and  in 
only  a  few  do  they  fall  below  20%.  The  dino- 
flagellate  flora  is  especially  well-represented. 
Most  of  the  dinoflagellate  species  have  previously 
been  described  from  Cretaceous  epeiric  and 
marginal  marine  facies  on  continents  bordering  the 
North  Atlantic. 

Both  sections  possess  a  rather  monotonous  and 
long-ranging  sporomorph  flora  dominated  by 
Claasopollis  and  bisaccates,  with  subordinate 
percentages  of  other  gymncspermous  pollen  and 
smaller  pteridophyte  spores  distributed  sporadi¬ 
cally  through  the  sections.  Only  a  few  of  these 
species,  e.g.,  Exeslpollenltes  tumulus, 

Cyathidites  minor,  become  relatively  abundant  in 
isolated  soaples.  Triaperturate  angiosper*  pollen 
grains  occur  in  the  higher  parts  of  the  sections. 
Striate  schizaeaceous  spores  are  extremely  rare 
or  absent.  Within  section  391C  only  two  species, 
Cicatricosisporites  hughesll  Bettmann  and  C. 
potomacensis  Brenner,  are  rare  but  stratigraphi- 
cally  persistent.  In  general,  the  palynology  of 
section  391C  appears  to  be  more  diverse  than  that 
of  105.  There  are  both  more  sporomorph  species 
and  dinoflagellate  species  on  the  average.  For 
example,  the  ceratiold  dinoflagellates  Muderongia, 
Phoberocysta,  and  Pseudoceratium  are  present  In 
section  391C  but  not  in  105. 

Sporomorphs  tend  to  be  more  numerous  in  the 
highly  palyniferous  samples  of  both  sections.  The 
phytoplankton  occur  in  highest  percentages  in 
those  samples  containing  fewest  palynoaorphs. 

Section  391C.  Seven  palynostratigraphic  units 
were  distinguished  in  section  391C,  based  on  the 
sequence  of  palynofacies  (Figure  4).  The  xeno- 
morphic  facies  occurs  within  units  I  and  III.  It 
is  characterized  by  the  shredded  variety  of  amor¬ 


phous  palynodebris  in  both  intervals.  In  unit  I, 
palynoaorphs  average  10,533  specimens/gram,  rang¬ 
ing  from  a  low  value  of  1,783  to  the  maximum  of 
18,050.  Despite  the  variation  in  numbers  of  paly¬ 
noaorphs,  they  are  always  dominated  by  marine 
phytoplankton  which  comprise  between  73%  ar.d  89% 
of  the  assemblages.  The  number  of  palynomorph 
species  In  unit  I  is  small,  between  10  and  14,  of 
which  the  number  of  dinoflagellate  species  is 
always  the  largest.  The  palynology  of  unit  III  is 
essentially  the  same.  The  average  abundance  is 
9,689  palynomorphs/gram,  of  which  between  58%  and 
68%  are  dinoflagellates  and  small  acritarchs. 

The  number  of  species  per  sample  is  higher,  how¬ 
ever,  ranging  from  8  to  20.  Sporomorphs  are 
better  represented  also,  cost  of  which  are  speci¬ 
mens  of  Classopollis  torosus. 

The  tracheal  facies  is  represented  by  a  single 
core,  391C-32,  producing  the  thin  interval  of 
unit  II,  and  through  the  much  larger  ;ollective 
interval  of  units  IV  and  VI.  Ir.  unit  II,  23.3C9 
palynomorphs/gram  was  calculated.  Twenty-three 
species  were  counted  of  which  16  sporomorph 
species  accounted  for  54%  of  all  palynomorphs. 
Classopollis-bisaccates  comprise  38%  of  all 
palynomorphs.  The  most  striking  feature  of  unit 
11,  however,  is  the  abundance  and  diversity  of 
structured  palynodebris.  Relatively  large  and 
well-preserved  cross-pitted  trachelds  occur  to¬ 
gether  with  several  varieties  of  cuticle.  The 
structured  palynodebris  was  calculated  at  10,224 
speeiaens/gran,  but  because  of  the  prominence  of 
the  larger  trachelds,  appeared  more  numerous  than 
the  palynomorphs.  Some  fine  xenomorphic  palynodebris 
Was  also  observed,  but  in  very  small  amounts. 

The  tracheal  facies  of  units  IV  and  VI  are  very 
similar  in  both  the  composition  and  abundance  of 
palynomorphs  and  palynodebris.  Units  IV  and  VI 
are  separated  by  the  very  thin  interval  of  unit  V 
containing  the  micrlnitic  facies.  Collectively, 
the  interval  of  units  IV-VI  occupies  approximate¬ 
ly  180  meters  in  thickness,  or  approximately  31% 
of  the  investigated  section.  Both  units  TV  and  VI 
are  characterized  by  the  largest  amounts  of  both 
palynoaorphs  and  structured  palynodebris  in  their 
lowest  parts.  For  example,  in  unit  IV  the  aver¬ 
age  number  of  palynomorphs/gram  is  33,903,  but 
the  largest  number  calculated  is  In  the  lowest 
sample,  with  48,994  palynomorphs/gram. 

Structured  palynodebris  averages  7,212  per  gram, 
but  again  reaches  a  maximum  in  this  sample  of 
9,612  per  gram.  The  same  is  evident  for  other 
parameters.  Although  the  number  of  palynomorph 
species  remains  constant  through  unit  TV,  be¬ 
tween  20  and  21,  the  number  of  sporomorphs  is  the 
highest,  where  they  comprise  80%  of  all  palyno- 
morphs.  In  the  other  samples,  they  range  between 
53%  and  57%  of  palynomorphs.  Classopollis  and 
bisaccate  pollen  comprise  68%  of  all  palynomorphs 
in  the  lowest  sample,  and  are  approximately  40% 
in  the  remainder.  In  addition,  the  lower  part  of 
unit  TV  is  devoid  of  shredded  xenomorphic 
material,  whereas  in  the  upper  part  it  occurs  in 
small  amounts. 
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In  unit  VI,  the  number  of  palyncmorphs/gr&r. 
averaged  36,101  but,  again,  the  highest  value, 
49,317  palynomorphs/gram,  was  recorded  from  the 
lowest  sample.  The  number  of  palynomorph  species 
ranges  from  21  to  25  through  this  unit,  although 
the  largest  proportion  of  sporomorphs,  75%  of  the 
assemblage,  was  recorded  from  the  lowest  sample. 
ilassopollls-tisaccates  comprise  54%  of  the 
assemblage  in  this  sample,  and  range  between  37% 
and  41%  in  the  other  samples.  The  structured 
palynodebris  shows  the  same  trend.  As  many  as 
8,612  specimens/ gran  occur  in  the  lowest  sample, 
with  the  average  for  the  unit  being  5,200/gran. 
Also,  xenomorphic  material  was  observed  in  the 
upper  part  of  the  unit  only. 

In  both  units  IV  and  VI,  other  sporonorphs  in¬ 
clude  the  sporadically  distributed  smaller 
pteridophyte  spores  and  gymnospernous  grains. 

The  dinoflagellate  flora  of  both  units  is  repre¬ 
sented  by  a  number  of  species,  each  represented 
by  few  specimens. 

The  micrinitic  facies  in  section  391C  is  repre¬ 
sented  in  units  V  and  VII  (Figure  4).  Unit  V  is 
represented  by  a  single  sample.  Of  the  4,190 
palynomcrphs/gran  in  this  sample,  96%  are  marine 
phytoplankton.  Ten  species  were  found  in  the 
palynomorph  assemblage,  of  which  eight  are  phyto¬ 
plankton.  The  only  sporomorph  species  encountered 
were  Classopollis  torosus  and  Alisporltes 
bllateralis.  The  residue  is  otherwise  character¬ 
ized  by  abundant  micrinitic  palynodebris. 

Unit  VII  is  the  thickest  single  palynostrati- 
graphic  interval  within  the  section.  It  contains 
abundant  micrinitic  palynodebris  and  relatively 
few  palynomorphs.  The  number  of  palynomorphs/gram 
averages  5,137  and  ranges  from  484  to  9,348. 
Although  the  abundance  of  palynomorphs  increases 
towards  the  top  of  unit  VII,  and  thus  towards  the 
top  of  the  investigated  section,  they  are  domi¬ 
nated  by  marine  phytoplankton  throughout.  The 
phytoplankton  range  between  72%  and  100%,  but 
average  87%.  The  number  of  species  observed  is 
also  small,  between  2  and  14. 

Section  105.  Six  palynostratigraphic  units  were 
distinguished  In  section  105  (Figure  5).  The 
xenomorphic  facies  is  distributed  through  units  I, 
III,  and  VI.  Unit  I  is  characterized  by  abundant 
xenomorphic  palynodebris  of  the  shredded  kind. 
Palynomorphs  range  from  12,  320  to  18,156 
specimens/gram  and  average  14,617.  The  palyno¬ 
morph  flora  is  dominated  by  very  high  percentages 
of  Classopollis.  bisaccates,  and  marine  phyto¬ 
plankton.  Although  the  phytoplankton  average  only 
40%  in  the  assemblages,  Classopollis,  Plnus- 
pollenites,  and  Alisporltes  collectively  average 
an  additional  53%  of  all  palynomorphs.  The  number 
of  palynomorph  species  ranges  between  14  and  17. 
The  palynofacies  of  unit  III  very  closely  re¬ 
sembles  that  of  unit  I.  In  unit  III,  for  example, 
the  amount  of  palynomorphs  averages  14,273  per 
gram  although  there  is  a  larger  range,  from  4,857 
to  24,344.  Palynomorph  species  range  in  the 
samples  from  8  to  18.  Like  unit  I,  the  assem¬ 


blages  are  dominated  by  marine  phytoplankton  ard 
Classopollls-blsaccates.  which  together  range 
from  81%  to  90%  of  all  palynomorphs.  In  both 
units  I  end  III  the  dinoflagellate  flora  is  di¬ 
verse,  although  there  are  relatively  few  specimens 
of  each  species.  The  sporomorph  flora  contains 
species  such  as  Ephedripites  cultlcostatus, 
Exesipollenite8  tumulus,  and  Clelcheniidites 
senonlcus  which  range  in  low  percentages  through 
most  of  the  section. 

In  contrast  to  units  I  and  III,  unit  VI  possess¬ 
es  a  xenomorphic  facies  composed  of  abundant 
globular  amorphous  palynodebris.  The  abundance  of 
palynomorphs  varies  between  3,264  and  10,710 
specimens/gram  of  which  between  48%  and  71%  are 
phtoplankton  and  between  5%  and  41%  are  species  of 
bisaccate  pollen.  No  specimens  of  Classopollis 
were  counted.  The  number  of  species  ranges  from 
10  to  16;  this  includes  a  number  of  angiosperm 
pollen. 

The  tracheal  facies  occurs  in  units  II  and  IV. 

In  both  units,  it  is  characterized  by  numerous 
palynomorphs  of  which  the  larger  proportions  are 
sporomorphs,  abundant  structured  palynodebris, 
and  minor  amounts  of  shredded  xenomorphic  palync- 
debris.  Unit  II  contains  the  largtsr  number  of 
specimens  in  section  105.  Palynomorphs  average 
50,349  per  gram,  with  a  maximum  value  of  68,763. 
There  ia  also  a  larger  number  of  palynomorph 
species,  between  25  and  29.  The  assemblages  are 
dominated  by  sporomorphs,  which  account  for  be¬ 
tween  64%  and  73%  of  all  palynomorphs . 
Classopollls-blsaccates  comprise  between  44%  and 
55%  of  all  palynomorphs;  with  marine  phytoplankton 
comprising  another  27%-36%.  The  palynomorph 
assemblages  contain  a  rich  dinoflagellate  flora, 
and  most  of  the  smaller  sporomorph  species  which 
range  through  much  of  the  section.  Despite  the 
abundance  of  sporomorphs,  striate  bchizaeaceous 
spores  and  other  larger  and/or  veil-ornamented 
species  of  pteridophyte  spores  are  absent.  For 
example,  of  the  1,958  specimens  counted  on  the 
slides  only  one  specimen  of  Clcatricoslsporltes 
hughesil  and  one  of  Dictyophyllidltes  equlexinus 
were  found.  Structured  palynodebris  is  also 
abundant  and  diverse.  This  palynodebris  averages 
7,100  specimens/gram  in  the  samples. 

The  tracheal  facies  of  unit  IV  contains  fewer 
specimens,  fewer  species,  and  a  greater  propor¬ 
tion  of  marine  phytoplankton  than  that  of  unit  II, 
but  contains  about  as  much  structured  palyno¬ 
debris.  In  the  lower  part  of  unit  IV,  there  are 
19,200  palynomorphs/gram  of  which  only  34%  or 
6,528  are  sporomorphs.  However,  it  also  contains 
8,412  specimens  of  cuticles  and  tracheids  per 
gram.  The  dinoflagellates  and  small  acritarchs 
are  represented  by  seven  species,  and  the  sporo- 
corph  by  ten.  Classopollis,  bisaccate  pollen, 
and  marine  phytoplankton  together  account  for  92% 
of  all  palynomorpha.  In  the  upper  part,  there 
are  28,307  palynomorphs/gram,  of  which  78%  ere 
sporomorphs,  and  9,400  specimens/ gram  of  >- 

structured  palynodebris.  There  are  22  palyno-  _ 
morph  species  in  an  assemblage  dominated  by 
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Clasaogollis,  bisaccates,  marine  phytoplankton 
and  Lhe  less  prominent  pollen  and  spores.  Unit 
IV  is  devoid  of  any  of  the  more  structured 
pteridophyte  spores. 

The  micrinitic  facies  occurs  within  a  single 
palynostratigraphic  unit  which  is  the  thickest  in 
section  105.  Unit  V  is  similar  to  the  others  con¬ 
taining  this  ' alynofacies.  It  contains  abundant 
micrinitic  palynodebris  and  few  palynomorphs, 
most  of  which  are  marine  phytoplankton.  Palyno¬ 
morphs  average  only  3,810  per  gram  in  the  samples, 
and  range  from  a  low  of  1,124  specimens/gram  to  a 
high  of  8,976  per  gram.  There  are  fewer  palyno¬ 
morphs  and  a  larger  proportion  of  sporomorphs  in 
the  lower  part  of  unit  V.  Towards  the  top, 
palynomorphs  become  more  numerous,  most  cf  which 
are  marine  phytoplankton. 

Conclusions 

Section  398D.  Except  for  the  xenomorphic 
facies,  there  is  a  close  correspondence  among  the 
distributions  of  p.-.lynofacies,  predominant 
lithologies,  and  organic  carbon  percentages  in 
section  398D  (Figure  3).  L.  the  Barremian-middle 
All-Jan  part  of  the  section,  t'  a  distribution  of 
numerous  sporomorphs  and  structured  palynodebris 
in  the  exinitic  facies  corresponds  with  high  rates 
of  sedimentation  of  terrigenous  mineral  sediment 
and  with  higher  percentages  of  organic  carbon. 

This  ;  alynofacies  is  expre  *.ed  best  in  the 
terrigenous  turbxt'ite  sequence  of  Barremian-early 
Aptl  .  age  (unit  II)  and  less  so  in  the  terrigen¬ 
ous  shales  of  early- Albian  age.  On  the  other 
hand,  the  fewer  spf-romorphs  and  higher  relative 
percentages  of  marine  phytoplankton  of  the 
micrinitic  facies  correlate  with  smaller  amounts 
of  terrigenous  sediment  and  lower  organic  carbon 
percentages.  Deroo  et  al.,  (in  press)  showed  the 
close  correspondence  between  the  sporomorph 
abundance  curve  and  organic  carbon  curve  in  the 
interval  dated  arremian-Albian;  pyrolysis  of  the 
organic  matter  of  this  age  indicates  that  it  is 
primarily  issued  from  terrigenous  detrital 
material. 

The  xenomorphic  facies  shows  little  or  no 
correspondence  with  predominant  lithology  or  with 
organic  carbon  content.  In  the  late  Hauterivian 
interval,  very  few  sporomorphs  are  associated  with 
high  organic  carbon;  in  the  Cenomanian  they  are 
associated  with  low  carbon  percentages.  Also,  in 
the  older  unit  the  predominant  lithology  is  lime¬ 
stone,  whereas  in  the  Cenomanian  it  is  black  clay. 

Sections  391C  and  105.  There  are  similarities 
in  the  sequences  of  palynofacies,  major  litholo¬ 
gies,  and  percentage  organic  carbon  distributions 
between  sections  391C  and  105,  which  suggest  a 
contemporaneity  in  the  sequence  of  similar  events 
(Figures  4  and  5).  Both  sections  show  an  alter¬ 
nation  of  xenomorphic  and  tracheal  facies  in  pre¬ 
dominantly  calcareous  sediments  of  early  Early 
Cretaceous  age  and  a  thick  micrinitic  facies  in 
black  shales  of  largely  Albian  age.  The  tracheal 
facies  occurs  in  the  first  black  lnminites,  of 


Valanginian  age  (Druggldiuai  aplcopaucicum  Zone) , 
in  both  sections,  and  also  in  cross-laminated 
terrigenous  turbidites  of  Hauterivian/Barremian- 
early  Albian  age  (Odontochitina  operculata  Zone) . 
They  are  expressed  to  different  degrees,  however. 
The  Valanginian  palynofacies  is  expressed  best  in 
Unit  II  of  section  105.  Conversely,  in  section 
391C  the  Hauterivian/Barremian-early  Albian 
interval  is  expressed  better  than  in  section  105. 

In  section  391C  there  are  two  distinctive 
pulses,  within  units  IV  and  VI,  of  Hauterivian/ 
Barremian-Aptlan  and  late  Aptian/early  Albian 
ages,  respectively,  which  was  not  found  in  section 
105.  This  may  be  explained  in  part  by  the  differ¬ 
ence  in  thicknesses  of  sections  391C  and  105. 
Section  105  is  considered  a  condensed  section  when 
compared  with  sections  391C  and  398D.  For  about 
the  same  time  interval,  it  is  roughly  one-half  the 
thickness  of  section  391C,  and  much  thinner  than 
section  398D.  Nevertheless,  most  of  the  dino- 
flagellate  zones  in  section  105  are  almost  as 
thick  or  at  least  proportionately  thinner  than  in 
section  391C.  However,  it  is  the  much  thinner 
Odontochitina  operculata  zone  at  site  105  which  is 
responsible  to  a  large  extent  for  the  difference 
in  thickness  between  the  two  sections.  It  is 
within  the  Odontochitina  operulata  zone  in  the 
western  North  Atlantic  that  the  major  change  in 
lithofacies  occurs,  e.g.,  between  the  older  nanno- 
fossil  limestones  and  the  younger  black  shales. 

The  thinner  zone  at  site  105  may  be  the  result  of 
an  erosional  unconformity  between  the  two  major 
lithologies.  For  example,  the  "transitional 
calcareous  claystones"  deecribed  by  Benson, 
Sheridan,  et  al.,  1978  occurs  within  the  strati¬ 
graphic  interval  of  the  Subtilisphaera  perluclda 
Subzone  of  section  391C,  which  is  characterized 
by  the  tracheal  facies  (unit  VI) .  This  litho- 
stratigraphic  interval  is  apparently  absent  in 
section  105  where,  according  to  Lancelot  et  al., 
1972,  nanr.ofossil  limestones  grade  rather 
abruptly  within  a  single  core  to  black  shales. 

Another  factor  which  must  be  considered  in  com¬ 
paring  the  Barremian-Albian  tracheal  facies  of  the 
two  sections  is  the  difference  in  number  of  cores 
available  for  sampling.  Only  two  cores,  105-18 
and  105-17,  were  available  for  the  description  of 
this  palynofacies  in  section  105,  which  does  not 
provide  the  stratigraphic  resolution  desired  for 
unit  IV. 

Except  for  the  thin  interval  containing  micrin¬ 
itic  palynodebris  within  the  predominantly 
tracheal  interval  in  section  391C,  the  micrinitic 
facies  is  distributed  in  the  same  manner  in  both 
sections.  Palynostratigraphic  units  VII  in 
section  391C  and  V  in  section  105  extend  from  the 
upper  part  of  the  Odontochitina  operculata  zone 
through  the  Deflandrea  vestita  zone,  and  are  con¬ 
sidered  to  be  largely,  if  not  entirely,  of  Albian 
age.  In  both  palynostratigraphic  units,  dino- 
flagellates  increase  in  amounts  and  percentages  of 
palynomorphs  toward  the  top.  Both  units  are  also 
closely  correlated  with  black  shale  lithology. 

The  palynostratigraphic  units  containing  the 
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xenomorphic  facies  are  also  time-correlative  in 
the  two  sectic  The  xenomorphic  facies  of 
palynostratigra,  .nit  VI  of  section  105  was  not 
found  in  section  _.a  because  of  the  lack  of 
sediments  of  Vraconian-Cenomanian  age  there,  e.g., 
the  lack  of  the  Deflandrea  echinoidea  and 
Trithyrodlnium  suspectum  rones  in  section  391C. 

The  organic  carbon  profiles  of  sections  391C 
and  105  are  similar,  but  do  not  show  the  close 
correlation  with  the  distribution  in  abundance  of 
sporomorphs  that  is  evident  in  section  398D.  In 
section  105,  there  is  a  correlation  between  in¬ 
creased  organic  carbon  percentages  and  the  distri¬ 
bution  of  the  tracheal  facies.  However,  in 
section  391C  although  there  are  also  higher  per¬ 
centages  of  carbon  in  the  tracheal  facies  of  units 
II  and  VI,  there  are  lower  percentages  in  unit  IV. 
The  xenomorphic  facies  does  show  the  same  lack  of 
correlation  found  in  section  398D,  where  organic 
carbon  percentages  may  be  low  or  high  within  this 
palynofacies  in  both  sections  105  and  391C.  As 
an  example,  the  highest  percentages  of  carbon  in 
section  105  Ji  ,ur  in  the  xenomorphic  facies  of 
Cenomanian  age,  and  the  lowest  in  the  same  paly¬ 
nofacies  of  Berriasian/early  Valanginian 
(Blorbifera  johnewlngil  zone)  age.  The  micrinitic 
facies  in  sections  105,  391C,  and  398D  all  show 
reduced  organic  carbon  percentages. 

There  is  also  a  contemporaneity  evident  between 
the  western  North  Atlantic  sections  and  section 
398D  in  the  eastern  North  Atlantic.  Sporomorphs 
and  structured  palynodebris  are  more  abundant  in 
the  Barremian-early  Albian  time  interval  of  all 
three  sections.  Where  stratigraphic  resolution 
permits,  as  in  sections  391C  and  398D,  two  epi¬ 
sodes  of  increased  terrigenous  organic  detritus 
are  also  correlative  in  this  interval  between 
the  sequence  of  palynostratigraphic  units  II  and 
IV  in  section  398D  and  units  IV  and  VI  in  section 
391C.  In  both  sequences,  also,  the  units  char¬ 
acterized  by  these  particles  are  separated  by  a 
unit  with  abudant  micrinitic  palynodebris.  There 
is  alao  a  general  correlation  between  increased 
organic  detritus  and  increased  organic  carbon, 
with  the  exception  of  unit  IV  in  section  391C. 

In  all  three  sections,  there  is  a  subsequent 
reduction  in  the  organic  carbon  percentages  in  the 
micrinitic  facies  in  Albian  black  shales.  In  all 
three  sections,  dinoflagellates  become  prominent 
towards  the  top  of  the  Albian  units  containing 
the  micrinitic  facies.  In  sections  105  and  398D, 
there  is  a  xenomorphic  facies  of  Cenomanian  black 
clays,  with  the  highest  organic  carbon  percentages 
recorded  in  the  section. 

Sedimentary  Origin  of  Palynofacies 
Review  of  the  Literature. 

The  8ediaentological  interpretation  of  palyno- 
morphs  and  palynodebris  is  based  on  published 
studies  concerning  their  distribution  in  modern 
environments.  Cross  et  al.,  (1966)  presented 
data  on  the  distribution  of  palynomorphs,  cuti¬ 


cles,  tracheids,  and  other  organic  detritus  in 
bottom  surface  sediments  ir.  the  Gulf  of  Califor¬ 
nia.  They  showed  that  the  distribution  of  organic 
matter  is  similar  to  patterns  of  terrigenous  and 
biogenic  sedimentation.  Sporomorphs  are  most 
abundant  in  the  silt-clay  fraction  at  delta 
mouths,  where  the  assemblages  are  also  most 
diversified,  and  in  some  submarine  channels 
through  which  they  were  carried  into  deeper  off¬ 
shore  areas  and  accumulated  in  submarine  fans. 
According  to  Cross  et  al.  (1966),  the  pollen  of 
pine  is  the  most  abundant  sporomorph  type  in  the 
Gulf.  It  remains  numerically  abundant  in  off¬ 
shore  areas  despite  the  decrease,  in  specimens 
per  gram  of  sediment,  of  total  sporomorphs. 

Other  arboreal  poller,  types  have  more  restricted 
patterns  of  distribution;  they  are  concentrated 
closer  to  sources  of  terrigenous  influx  and  con¬ 
sequently  increase  the  diversity  of  sporomorph 
assemblages  closer  to  the  shore. 

Bisaccate  pine  pollen  is  well-suited  for  sel¬ 
ective  transportation.  Its  air  sacs  permit  it  to 
be  more  buoyant  than  other  types  of  sporomorphs, 
and  thereby  remain  suspended  in  the  water  column 
for  longer  periods  of  time.  In  the  study  of  tha 
palynology  of  the  Great  Bahama  Bank,  Traverse  and 
Ginsburg  (1966)  showed  that  pine  pollen  is  dis¬ 
tributed  according  to  sedimentation  patterns, 
especially  those  at  the  site  of  deposition. 
Proximity  to  source  vegetation  is  not  a  primary 
factor  in  controlling  its  sedimentation  on  the 
Bahama  Bank. 

In  the  Gulf  of  California,  cuticles  and  trach- 
eids  are  concentrated  in  deltas.  They  are  most 
abundant  towards  the  shore  in  silty  clays  and  also 
in  deeper  water  where,  along  with  abundant  pine 
pollen  and  abundant  very  small  carbonized  parti¬ 
cles,  they  were  carried  down  through  submarine 
canyons. 

Dinoflagellate  cysts  and  a  palynomorph  described 
a-;  an  unknown  entity  by  Cross  et  al.,  (1966, 

. '  ite  1,  figures  16,  18-19),  but  which  possesses 
the  same  gross  morphology  as  the  small  acritarchs 
of  this  study,  become  more  numerous  offshore  and 
are  similar  in  general  distribution  to  other 
planktonic  microfossils. 

Palynologists  have  long  noticed  the  co-occur¬ 
rence  of  dinoflagellates  and  sporomorphs  in  marine 
muds  and  shales.  It  is  the  dinoflagellate  cyst 
that  is  fossilized,  and  the  vast  majority  of 
marine  species  which  produce  cysts  today  are 
confined  to  continents-  margins  in  estuarine  and 
neritic  assemblages  (cf.  Wall  et  al.,  1977).  With 
the  exception  perhaps  of  a  few  species  which 
apparently  are  confined  to  the  North  Atlantic 
Cretaceous,  most  dinoflagellates  have  been 
described  from  relatively  shallow  marine  sediments 
on  the  continents.  For  example,  Williams  (1975) 
recorded  a  large  number  of  the  specier  common  to 
the  investigated  sections  from  Cretaceous  inner 
neritic  shelf  assemblages  along  the  continental 
margin  of  Canada,  as  has  Millioud  (1969)  from 
Lower  Cretaceous  type  sections  in  southern  Europe. 
The  facies  of  the  western  North  Atlantic  sections 

HABIB  433 


is  paleobathymetrically  deep  (Benson,  Sheridan 
et  al.,  1978;  Hollister,  Ewing,  et  al.,  1972)  and 
it  ia  likely  that  at  least  the  majority  of  cysts 
in  the  samples  have  been  displaced  from  a  shelf 
environment  into  deeper  water. 

Relatively  little  research  has  been  undertaken 
concerning  the  sedimentology  of  modern  dino- 
flagellate  cysts,  although  an  important  contribu¬ 
tion  by  Dale  (1976)  has  recently  become  available. 
Based  on  extensive  data  concerning  the  distribu¬ 
tion  of  this  microflora  in  the  water  column  of 
Norwegian  fjords,  it  was  shown  that  dinof lagellate 
cysts,  including  those  with  a  gross  morphology 
similar  to  that  of  small  acritarchs,  accumulate  in 
the  bottom  sediments  over  a  period  of  years  and 
are  displaced  into  deeper  water  where  they  concen¬ 
trate  in  fine  silt  detritus.  Thus,  it  is  evident 
that  although  they  represent  different  source 
environments  and  different  source  vegetation,  once 
in  the  marine  environment  both  dinoflagellate 
cysts  and  sporomorphs  may  disperse  as  sedimentary 
particles  which  sediment  in  a  similar  fashion. 

The  palynofacies  of  this  study  are  considered  to 
have  formed  largely  as  the  consequence  of  the 
sedimentary  processes  discussed  above.  However, 
before  interpretations  can  be  made,  it  is  impor¬ 
tant  to  consider  the  composition  and  distribution 
of  palynomorph  assemblages  in  Lower  Cretaceous 
sequences  on  the  continents,  particularly  those  of 
non-marine  origin.  Large  and  diverse  assemblages 
of  sporomorphs  are  distributed  throughout  the 
known  Lower  Cretaceous  of  the  Atlantic  Coastal 
Plain  of  the  United  States.  Brenner  (1963) 
described  the  assemblages  of  the  fluviodeltaic 
Potomac  Group  of  Maryland  and  stated  that  through¬ 
out  the  interval  he  dated  as  Barremian-Albian, 
they  are  dominated  by  pteridophyte  spores,  es¬ 
pecially  those  attributed  to  the  fern  family 
Schizaeaceae,  and  the  gymnosperm  pollen 
Classopollls  torosus  and  bisaccates.  They  are 
numerous  throughout  the  Potomac  Group  but  de¬ 
crease  in  percentage  towards  the  top  with  the 
concomitant  appearance  of  triaperturate  angio- 
sperm  pollen.  Brenner  (1963)  did  not  include 
observations  on  the  occurrence  of  palynodebris  in 
his  study.  However,  based  on  samples  of  the 
Potomac  Group  provided  in  the  past  by  G.  J. 

Brenner  (State  University  of  New  York,  New  Paltz) 
cuticles  and  tracheids  are  known  to  be  common  in 
the  residues,  some  of  which  also  contain  larger 
fragments  of  amorphous  carbonized  material 
assigned  to  micrinitic  palynodebris,  as  well  as 
structured  fragments  resembling  fusinized 
tracheids.  Wolfe  and  Pakiser  (1971)  directed 
particular  attention  to  the  distribution  of 
striate  schizaeaceous  spores  in  the  Potomac  Group 
stating  that  there  are  75  species  present  which 
compares  favorably  with  the  diversity  of  schizae- 
ceous  foliage  in  the  megafossil  flora.  According 
to  Wolfe  and  Pakiser  (1971)  these  spores  range 
into  the  Raritan  Formation  of  Cenomanian  age  but 
are  less  diverse.  The  reduced  number  of  striate 
species  in  the  Raritan  Formation  (Woodbridge  Clay 
member)  may  be  due  to  the  fact  that  marine  sedi¬ 


ments  comprise  this  unit. 

Williams  (1975)  proposed  a  formal  palynostrati- 
graphic  zonation  from  wells  drilled  on  the  Scotian 
Shelf  and  Grand  Banks  of  the  Canadian  continental 
margin.  During  the  Early  Cretaceous,  depositional 
environments  ranged  from  continental  (Missisauga 
Formation)  to  marine  inner  neritic.  According  to 
Jansa  and  Wade  (1975)  the  Missisauga  Formation  is 
a  diachronous  deltaic  sequence  ranging  in  differ¬ 
ent  wells  from  Neocomian  to  early  Aptian.  A  slow 
regional  transgression  began  in  the  Aptian  and 
culminated  in  the  Lata  Cretaceous.  The  marine 
transgression  during  the  Cenomanian  was  extensive 
producing  an  outer  neritic  and  possibly  farther 
offshore  environment  in  the  area  of  study. 

Williams  (1975)  reported  a  diverse  sporomorph 
flora  from  the  Missisauga  Formation,  including 
striate  schizaeaceous  spores.  Striate  spores 
dominate  the  sporomorph  flora  of  the  formation. 

In  zones  dated  Aptian-Cenomanian  by  Williams 
(1975)  diverse  dinoflagellate  assemblages  are 
evident  in  the  palynoflo: a  which,  however,  still 
include  elements  of  pteridophyte  spores,  e.g., 

Tr llobosporites .  Appendicisporites . 

Sporomorph  assemblages  in  the  Neocomian  Weald 
delta  of  England  are  dominated  by  the  larger 
pteridophyte  spores,  including  the  Schizaeaceae 
(Couper,  1958).  Batten  (1973)  described  seven¬ 
teen  assemblage  types  in  the  Wealden.  In  his 
study  of  the  total  organic  content  of  his  residues 
he  used  preservation,  abundance  of  cuticles  and 
wood  (tracheids),  and  size  and  diversity  of  spores 
to  delineate  his  assemblage  types.  The  record  of 
assemblage  type  shows  a  correspondence  between  a 
variety  of  the  pteridophyte  spores  (Trllobospor- 
ites.  Verrucosisporites ,  Piloslsporites, 
Clcatricosisporites) ,  tetrads,  and  structured 
palynodebris.  Batten  (1973,  plate  1,  figures  1-9) 
illustrates  excellent  examples  of  the  cuticles 
and  tracheids  which  characterize  the  exinitic  and 
tracheal  facies  of  this  study.  Hughes  and 
Moody-Stuart  (1967)  attempted  to  reconstruct  the 
sedimento.’.ogical  parameters  governing  the 
distributr.on  of  palynomorphs  in  the  Weald  delta  of 
England.  :or  the  purpose  of  correlation  across 
palynofacies.  Larger  fern  spores  are  correlated 
with  larger  mineral  grain  size;  Classopollis  and 
minor  marine  phytoplankton  are  correlated  with 
smaller  grain  size.  Hughes  and  Moody-Stuart 
hypothesized  that  the  larger  fern  spores  are 
sedimented  first,  in  the  "upstream"  direction  in 
the  delta. 

It  is  evident  that  the  well-ornamented  and 
generally  larger  pteridophyte  spores  are  numerous 
and  are  important  components,  along  with 
structured  palynodebris,  Classopollis  and  other 
elements,  in  fluviodeltaic  and  deltaic  sediments 
throughout  Early  Cretaceous  age  on  the  continental 
margins  bordering  the  North  Atlantic.  The  general 
absence  of  these  pteridophyte  spores,  and  the 
abundance  of  structured  palynodebris  in  only  the 
tracheal  facies  in  the  western  North  Atlantic, 
can  thus  be  interpreted  in  terms  of  sedimentary 
processes. 
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Conclusions 

The  palynofacies  distributed  through  the  in¬ 
vestigated  sections  are  interpreted  to  have  formed 
from  marine  processes  depositing  carbonaceous 
detritus  of  terrestrial  and  marine  origin. 

Residues  containing  abundant  and  diverse  palyno- 
morphs  (particularly  sporomorphs,  sporomorph 
tetrads,  and  megaspores),  tracheids,  and  cuticles 
are  palynologically  poorly  sorted  and  are  con¬ 
sidered  to  have  been  deposited  directly  as  the  re¬ 
sult  of  the  rapid  influx  of  terrigenous  sediments, 
within  prodeltaic  sediments.  These  residues  form 
the  exinitic  facies  in  section  398D,  which  reflect 
the  dispersed  and  fragmented  materials  of  land 
plants  to  the  almost  total  exclusion  of  marine 
representatives.  They  are  compositionally  very 
close  to  the  residues  occurring  in  Early 
Cretaceous  fluviodeltaic  sediments  on  the  adjacent 
continents,  and  it  is  concluded  that  marine 
currents  did  very  little  to  modify  the  composition 
of  the  carbonaceous  detritus  that  was  discharged 
into  the  oceans.  Support  for  this  interpretation 
is  taken  from  the  association  of  the  exinitic 
facies  in  section  398D  with  terrigenous  mineral 
sediment  and  high  rates  of  sedimentation. 

The  association  of  the  conifer  pollen  genera 
Plnuspollenites ,  Allsporites,  and  Classopollls, 
and  marine  phytoplankton,  is  taken  as  evidence  of 
the  sorting  of  the  land-derived  sporomorph  species 
and  displacement  of  the  dinof lagellate  flora  by 
marine  currents  prior  to  deposition.  Plnus¬ 
pollenites  and  Allsporites  closely  resemble  the 
pollen  grains  of  modern  pine  and,  in  the  posses¬ 
sion  of  air  bladders  which  made  them  buoyant,  are 
considered  to  have  been  dispersed  and  sedimented 
in  a  like  manner.  Their  association  in  higher 
percentages  with  dinoflagellates  in  the  micrini- 
tic,  xenomorphic,  and  tracheal  facies  in  the  North 
Atlantic  also  compares  favorably  with  the  co¬ 
occurrence  of  dinoflagellates  and  higher  percent¬ 
ages  of  pine  pollen  in  offshore  areas  of  the  Gulf 
of  California.  Habib  (in  press)  presented  the 
argument  that  Claasopollis  was  also  selectively 
transported  and  concentrated  in  sediments  away 
from  areas  of  major  terrigenous  influx,  based  on 
its  ubiquitous  distribution  in  high  percentages 
in  the  Lower  Cretaceous,  regardless  of  the  number 
of  palynomorphs  per  gram,  and  also  on  the  basis  of 
its  morphology.  Classopollls  torosus  is  a  small, 
spheroidal  pollen  species.  The  genus  is  known  to 
have  been  produced  by  a  group  of  Jurassic  and 
Cretaceous  conifers  and  is  abundant  in  the  Lower 
Cretaceous  terrestrial  sporomorph  flora  (Brenner, 
1963)  as  well  as  in  marine  sediments.  Its  abun¬ 
dance  in  nonmarine  facies  may  reflect  the  larger 
amount  of  vegetation  from  which  it  was  dispersed 
or  perhaps,  similar  to  present-day  anemophilous 
conifers  like  pine,  it  was  produced  in  larger  num¬ 
bers  by  individual  trees  for  the  purpose  of  wind 
dispersal  and  was  thus  over-represented  in  the 
sporomorph  flora  accumulating  on  the  Cretaceous 
land  surface.  Whichever  was  the  significant 
factor,  it  is  believed  that  on  the  basis  of  its 


smaller  sire  and  spheroidal  shape,  and  also  on  its 
association  with  the  bisaccate  genera,  once  it 
entered  the  North  Atlantic  it  was  transported 
more  easily  and  farther  than  most  other  pollen 
grains  and  spores. 

The  fluctuation  in  numerical  abundance  of 
Classopollis  and  bisaccate  conifers  is  also  con¬ 
sidered  an  important  sedimentary  parameter.  These 
sporomorphs  are  numerically  most  abundant,  and  are 
proportionately  more  abundant  than  phytoplankton, 
in  samples  containing  the  tracheal  facies  where 
they  are  associated  with  structured  palynodebris. 
The  sporomorph  flora  is  sorted  and  is  associated 
with  diverse  dinoflagellates,  but  its  increased 
abundance  in  the  sediments  and  its  association 
with  numerous  cuticles  and  tracheids  indicate 
increased  terrigenous  influx  of  carbonaceous 
materials  relative  to  the  xenomorphic  and 
micrinitic  facies.  This  palynofacies  is  consider¬ 
ed  to  reflect  the  increase  of  deltaic  sedimenta¬ 
tion  discharging  sporomorphs  and  structured 
palynodebris  onto  a  shelf  environment,  where  the 
sporomorph  flora  was  sorted  and  mixed  with  dino¬ 
flagellates  and  subsequently  displaced  into 
deeper  water.  It  is  compared  with  the  data  pub¬ 
lished  by  Cross  et  al.,  (1966)  which  showed 
abundant  pine  pollen  and  structured  palynodebris 
in  offshore  environments. 

With  few  exceptions,  palynomorphs  are  fewest  in 
the  micrinitic  facies,  despite  the  highest  per¬ 
centages  of  phytoplankton  which  are  associated 
with  bisaccates  and  Classopollis.  This  palyno¬ 
facies  is  considered  to  represent,  together  with 
those  samples  of  the  xenomorphic  facies  containing 
few  palynomorphs  most  of  which  are  phytoplankton, 
the  deposition  of  palynomorphs  and  amorphous 
palynodebris  by  currents  of  the  least  competence. 
The  small  opaque,  generally  black,  amorphous 
particles  which  define  the  micrinitic  facies  are 
considered  to  be  the  carbonized,  comminuted 
fragments  of  land  plants,  probably  fragmented 
fusinized  woody  tissues,  which  when  once  formed 
became  relatively  resistant  in  the  various  sedi¬ 
mentary  environments  compared  with  other  plant 
materials.  Palynodebris  of  this  type  occurs  in 
carbonaceous  sediments  (including  coals)  of 
terrestrial  origin  of  various  ages  ranging  from 
Carboniferous  to  Holocene,  where  it  is  commonly 
associated  with  larger  fragments  some  of  which  are 
identifiable  as  carbonized  trachea'  elements.  The 
concentration  towards  the  small-sized  particles  in 
micrinitic  facies  is  considered  to  be  the  result 
of  sorting  in  the  marine  environment.  Cross  et 
al.,  (1966)  distinguished  two  size  classes  of 
tracheids,  much  of  it  carbonized,  in  the  Gulf  of 
California,  and  stated  that  the  larger  fragments 
(larger  than  50  microns)  carried  far  seaward, 
presumably  along  with  the  smaller  (5-50  microns) 
particles. 

The  origin  of  the  amorphous  palynodebris  which 
characterizes  the  xenomorphic  facies  is  not  known 
palynologically.  It  may  be  of  plant  or  animal 
origin,  or  an  admixture  of  both,  and  may  be 
terrestrial  and/or  marine.  It  tends  to  be 


HABIB  435 


na 


WW] 


associated  with  lithologies  of  pelagic  marine 
origin.  It  is  possible  also  that  it  is  related  to 
the  maceration  process,  which  included  partial 
oxidation  of  carbonaceous  matter.  In  general,  the 
shredded  variety  was  observed  in  samples  contain¬ 
ing  the  more  numerous  palynomorphs  and  the 
globular  variety  was  observed  in  those  containing 
the  fewer,  but  this  was  not  always  the  case. 

Summary 

As  revealed  in  sections  391C  and  105,  the  xeno- 
morphic  facies  was  formed  during  the  Berriasian- 
early  Valanginian  in  bioturbated  limestones  de¬ 
posited  on  a  well-oxygenated  seafloor.  Well-pre¬ 
served  and  diverse  dinoflagellate  cysts  were 
displaced  from  shelf  environments  into  deeper 
water  along  with  a  sorted  terrigenous  sporomorph 
flora  of  variable  abundance.  In  the  Valanginian 
there  was  an  episode  of  increased  terrigenous 
influx  of  carbonaceous  detritus,  including 
Classopollis-bisaccate  pollen,  tracheids,  and 
cuticles  which  produced  the  tracheal  facies.  The 
Valanginian/Hauterivian  of  sections  391C  and  105, 
and  late  Hauterivian  of  section  398D,  record  the 
recurrence  of  organic  sedimentation  in  the  xeno- 
morphic  facies,  similar  to  that  of  the  earlier 
interval.  However,  during  the  interval  dated 
Barremian-early  Albian  in  section  398D  and 
Hauterivian/Barremian-early  Albian  in  the  western 
North  Atlantic,  there  were  episodes  of  pronounced 
terrigenous  sedimentation  of  carbonaceous 
detritus.  Comparison  of  sections  391C  and  398D 
indicates  two  distinctive  pulses  of  terrigenous 
organic  sedimentation,  during  the  Barremian-early 
Aptian  and  early  Albian  in  both  sections,  which 
are  penecontemporaneous  across  the  North  Atlantic. 
In  section  398D  it  is  expressed  in  the  sequence  of 
exinitic-micrinitic-exinitic  facies  (units  II-IV) 
reflecting  fluctuations  of  direct  terrigenous 
sedimentation  in  a  prodeltaic  environment  and  in 
section  391C  (and  as  a  single  episode  in  the 
stratigraphically  condensed  or  otherwise  incom¬ 
plete  105  section)  in  the  sequence  tracheal- 
micrinitic-trecheal  (units  IV-VI)  which  is  con¬ 
sidered  to  represent  coeval  episodes  of  terrigen¬ 
ous  influx  of  organic  detritus  which  then  were 
partially  sorted  and  displaced  from  a  shelf  en¬ 
vironment  into  deeper  water  where  it  contributed 
to  cross-laminated  turbiditic  layers. 

The  correspondence  in  time  between  episodes  of 
increased  terrigenous  organic  detritus  in  sections 
391C  and  398D  indicates  that  time  periods  of  In¬ 
creased  deltaic  sedimentation  may  have  been  the 
same  at  both  western  and  eastern  margins  of  the 
North  Atlantic. 

During  the  Albian,  terrigenous  sedimentation 
was  sharply  reduced  and  provided  fewer 
palynomorphs  to  the  black  shales  preserved  in  the 
three  investigated  sections  but  contributed  a 
large  amount  of  terrigenous  micrinitic  palyno- 
debris.  The  increase  in  percentage  of  dino- 
flagellates  in  section  398D  and  in  amounts  as  well 
in  sections  391C  and  105  towards  the  close  of  the 


Albian  reflect  the  decrease  in  terrigenous  sedi¬ 
mentation.  During  the  Vraconian-Cenomanian  in 
section  105  and  Cenomanian  in  398D,  few  palyno¬ 
morphs  were  delivered  to  the  North  Atlantic  in  the 
xenomorphic  facies. 

Organic  carbon  content  is  closely  related  to 
sporomorph  abundance  in  the  exinitic  and  micrini¬ 
tic  facies  of  Barremian-middle  Albian  age  in 
section  398D  and  is  considered  to  be  terrigenous 
and  phytogenic.  In  the  micrinitic  facies  of  late 
Albian,  including  Vraconian,  age  marine  phyto¬ 
plankton  occur  in  high  relative  percentages  among 
very  few  palynomorphs  and  low  organic  carbon 
percentages,  which  pyrolysis  (Deroo  et  al.,  in 
press)  indicates  is  of  pelagic  marine  origin. 
Organic  carbon  percentages  show  little  relation 
to  the  palynology  of  the  xenomorphic  facies.  In 
the  Cenomanian,  palynomorphs  are  very  few  in  this 
palynofacies,  most  of  which  are  dinoflagellates. 
The  xenomorphic  facies  of  late  Hauterivian  age 
differs  in  that  sporomorphs  are  abundant  where 
organic  carbon  percentages  are  lower.  The  paly¬ 
nology  would  indicate  an  admixture  of  terrigenous 
and  pelagic  carbon  because  of  the  abundance  of 
sporomorphs  and  diverse  dinoflagellates. 

The  distribution  of  organic  carbon  at  sites  105 
and  391  is  similar  to  that  at  site  398,  except 
that  there  is  not  the  close  correspondence  with 
sporomorph  abundance  that  was  found  ir.  the  eastern 
North  Atlantic.  This  may  be  due  to  the  greater 
occurrence  of  the  xenomorphic  facies  than  in 
section  398D,  which  shows  the  same  lack  of 
correspondence  with  organic  carbon  content.  Out¬ 
side  of  the  xenomorphic  facies,  however,  the 
tracheal  (except  unit  IV  in  section  391C)  facies 
shows  higher  organic  carbon  and  the  micrinitic 
facies  shows  lower  carbon  content,  which  follows 
the  organic  carbon  curve  and  is  thus  similar  to 
that  of  section  398D,  which  suggests  that  the 
carbon  of  these  facies  is  largely  terrigenous  and 
phytogenic.  The  carbon  of  the  tracheal  facies 
may  not  be  as  highly  terrigenous  as  that  of  the 
exinitic  facies  because  of  the  occurrence  of 
phytoplankton  which  are  virtually  absent  in  the 
exinitic  facies.  Marine  phytoplankton  increase 
in  numbers  of  specimens  per  gram  towards  the  top 
of  ti.e  micrinitic  facies  of  Albian  age  in  sections 
391C  and  105  which  suggests,  like  that  of  398D, 
that  the  carbon  in  this  part  of  the  section  is 
pelogic  marine.  The  xenomorphic  facies  of 
Cenomanian  age  in  section  105  has  the  highest 
organic  carbon  percentage  of  the  three  sections. 

It  contains  very  few  palynomorphs,  mostly  dino¬ 
flagellates,  and  thus  may  be  marine. 

The  organic  carbon  curve  is  generally  the  same 
for  each  of  the  sections  in  the  intervals  dated 
Barremian-Albain.  It  is  highest  in  the  Barremian- 
early  Albian  interval  and  lowers  in  the  middle/ 
late  Albian  in  black  shales.  It  is  difficult  to 
relate  the  darker  color  of  these  shales  to  reduced 
carbon  content.  The  darker  color  of  this  fine¬ 
grained  lithology  may  be  the  result  of  the  occur¬ 
rence  of  abundant  black  micrinitic  palynodebris, 
rather  than  total  carbon  content  alone. 
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